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SUMMARY 
 
 
Liquid phase catalytic hydrodechlorinations can provide a convenient and 
environmentally friendly method for treating organic chlorinated compounds in 
waste streams generated during the manufacturing of agrochemicals. During such 
treatment hydrochloric acid is generated as a by-product, which can be easily 
neutralized employing a base to yield an inorganic salt.  
 
This work describes the results obtained during the liquid phase 
hydrodechlorination of 2,6-dichlorophenol (2,6-DCP) and 2,4,6-trichlorophenol 
(2,4,6-TCP). The hydrodechlorination of these chlorinated phenolic compounds in 
a mixture of methanol and water was investigated using supported and 
unsupported palladium catalysts to yield lower chlorinated phenols or phenol. 
Various parameters were investigated such as catalyst concentration, ammonium 
formate concentration, effect of base addition and effect of temperature. During 
this study two methods of hydrodechlorination were also investigated such as 
hydride-transfer hydrogenolysis, using ammonium formate, and hydrogenolysis, 
using dihydrogen. These methods offer a mild treatment in terms of the reaction 
temperature with temperatures used below 800C. A comparison of the palladium 
catalyst systems using these methods also showed that Pd/C produced the best 
results in terms of the hydrodechlorination rate and the selectivity towards phenol. 
When the ammonium formate method was used, complete hydrodechlorination of 
both substrates was achieved in 1h of reaction time at a selectivity of 100% 
towards phenol.  
 
A comparison of the method using dihydrogen and Pd/C showed that the reaction 
rate and the selectivity towards phenol during the hydrodechlorination of 2,6-DCP 
were 87.92% and 93.30%. Similarly, the reaction rate and selectivity during 2,4,6-
TCP hydrodechlorination were 63.77% and 70.57%. These results were achieved 
in a reaction time of 3 hours. A high catalyst loading increases the reaction rate at 
the expense of selectivity, due to the formation of cyclohexanone, formed during 
further hydrogenation of phenol. The formation of cyclohexanone was limited at 
  
 
 
IX
high temperatures (ca. 800C) with none detected during the hydrodechlorination of 
2,6-DCP and 0.19% during the hydrodechlorination of 2,4,6-TCP.  
 
Evaluation of the hydrodechlorination parameters showed that the catalytic 
efficiency of the Pd/C catalysts was inhibited as the reaction proceeded due to the 
formation of HCl as by-product. A significant increase in the reaction rate was 
achieved when the reaction was performed in the presence of an inorganic base, 
which neutralized HCl.  
 
Keywords:  
Hydrodechlorination, chlorophenols, hydrogen-transfer hydrogenolysis, 
hydrogen, ammonium formate, 2,6-dichlorophenol, 2,4,6-trichlorophenol 
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CHAPTER 1 
INTRODUCTION 
 
1.1 BACKGROUND 
 
The South African chemical industry has a long history, having been founded in 
the latter part of the nineteenth century because of the demand for explosives and 
chemicals to support the mining industry.1 Due to the shortage of oil reserves and 
the then unexplored world of natural gas exploration and production, chemical 
industries like Sasol have developed the coal gasification process to form syngas 
for the production of chemical feedstock via the Fischer-Thropsch process. As a 
result, Sasol, employing the aforementioned process, established the first 
chemical industry in Sasolburg. This led to the creation of other industries in the 
sixties and seventies that were based on local feedstock instead of imported raw 
materials. What followed was the establishment of two oil-from-coal plants at 
Secunda during the 1980’s to provide a back-up to the demand of fuel supplies in 
the country. This sector, called the synfuel sector, is currently the major supplier of 
chemical feedstock and intermediates in South Africa. 
 
During these early times, the South African chemical industry was shaped by 
political agendas and import regulation measures, which created an isolation and 
protection philosophy during previous government rule. The result was the creation 
of an industry essentially focussed on the local market sector, which consisted of 
small-scale plants to supply the local chemical demand. This proved to be 
uneconomic in the long term. Isolation from the international community and high 
raw material prices, because of import tariffs, led to local feedstock being less 
competitive on the international market. Currently, South African chemical 
industries are focussing on becoming internationally more competitive since its re-
instatement in the global market. 
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Another consequence of the focus on import replacement has been the building of 
chemical plants at inland locations close to the coal-based synthetic fuels plants, 
which provide feedstock. This strategy was attractive at the time due to the close 
proximity to the highly populated Gauteng area, which is the largest domestic 
market in South Africa. These plants are generally smaller compared to their 
international competitors resulting in it being less competitive in the export 
markets. Another disadvantage is its inland position, far away from coastal 
transportation regions. However, exports are well positioned for transport to 
neighbouring African countries such as Zimbabwe, Namibia and Botswana. 
 
Currently, a concerted effort is being made to make the chemical industry more 
competitive. The South African Department of Trade and Industry has initiated 
Petrochemicals, Plastics and Synthetic Fibres workshops to look at opportunities 
in the economic sector that has potential for future growth. The Chemical and 
Allied Industries' Association (CAIA), a South African association which forms part 
of a worldwide network of chemical industry associations, seeks to promote the 
efficiency, productivity and competitiveness of the chemical and allied industries in 
South Africa.  
 
Sasol has since the mid 80’s looked at developing and marketing higher-value 
chemicals for a range of markets. The company has moved into a number of new 
chemical and related fields, including acrylic fibres, polypropylene, higher-value 
phenolics, alpha-olefins, alkylamines, as well as higher-value ketones.1 As a 
result, the focus on synfuel production facilities has shifted in favour of the 
production of higher-value chemicals.  
 
1.2 SOUTH AFRICAN CHEMICAL INDUSTRY STRUCTURE 
 
South Africa's chemical industry forms a significant part of the country’s economy. 
The industry is the largest of its kind in Africa. It is highly complex and widely 
diversified, with products often being composed of a number of chemicals, which 
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have been combined in some way to provide the required properties and 
characteristics. It can be divided into four broad categories:1  
 Base chemicals 
 Intermediate chemicals 
 Chemical end-products 
 Speciality end-products 
 
1.2.1 Base chemicals  
 
Base chemicals include the petrochemical building blocks, namely, ethylene, 
propylene, butadiene, benzene, toluene, xylenes, and methanol, which are all 
important chemical building blocks sourced from the petrochemical industry. 
Inorganic chemicals such as ammonia, caustic soda, sulphuric acid, chlorine, 
sulphur, soda ash, bromine, fluorine and phosphorus, to name but a few, are also 
base chemicals. 
 
Petrochemical production in South Africa is largely focussed around the Sasol ll 
and Sasol lll plants at Secunda and the Natref refinery at Sasolburg where Sasol 
generates various feedstocks and olefins, which facilitate the downstream 
manufacture of polymers and other products. Using the Fischer-Tropsch process, 
Sasol produces about two million tonnes per annum of a range of various olefins 
for the petrochemical industry. About 0.6 million tonnes of olefins are used by the 
chemical industry and the remaining 1.4 million tonnes are used in fuels. A small 
proportion (about 25,000 tonnes) is recovered from crude oil refineries. The Engen 
refinery in Durban produces some benzene and other aromatics. Small amounts of 
propylene are produced at the Sapref refinery in Durban. The Mosref plant 
generates mixed alcohol and ketone streams, which are currently exported. 
Phosphoric acid is sourced from phosphate rock mined at Phalaborwa by Foskor. 
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1.2.2 Intermediate chemicals 
 
Intermediate chemicals include products such as ammonia, waxes, solvents, 
phenols, tars, plastics, and rubbers. 
 
1.2.3 Chemical end-products 
 
Chemical end-products consist of processible plastics, paints, explosives, and 
fertilisers. 
 
1.2.4 Speciality chemical end-products 
 
Speciality chemical end-products tend to be lower volume, higher value-added 
chemical products. Many pharmaceuticals, agro-chemicals, bio-chemicals, and 
food-, fuel- and plastics- additives fall into this category.  
 
The base chemicals, intermediate chemicals and, to a lesser extent, chemical end-
products categories are dominated by Sasol Chemical Industries, AECI and Dow 
Sentrachem. Dow and its affiliated companies produce a wide range of products. 
These include polyol systems, speciality chemicals, agricultural chemicals, 
polypropylene and polyethylene.2 These products are sold in Africa as well as 
globally. These companies, their subsidiaries and their various joint venture 
partners enable them to have strong positions in the chemical industry. Other 
players, which are active in these categories, include Hoechst SA, Afrox, Bayer, 
Shell Chemicals, BASF, African Products, Engen Petroleum, Ineos Silicas SA 
(Pty) Ltd, ICI, Rohm and Haas and Omnia.  
 
There are a number of companies involved in the local production or importation of 
speciality and performance chemicals. Included are Chemserve, Fine Chemicals 
Corp (S.A. Druggists), Noriscel, Henkel, Revertex, CH Chemicals and various 
companies in the Protea group including Chempro. Traders and agents handle the 
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importation and marketing of speciality and fine chemicals. Saarchem, Protea, 
Crest Chemicals, Carst & Walker, Lewis & Everitt and T&C Chemicals are 
included in this group of companies. An estimated breakdown of the South African 
chemical industry as recorded in 2000/2001 is depicted in Table 1.1a and 1.1b. 
Table 1.1a reflects on the types of industries and companies in each sub-sector 
whereas Table 1.1b depicts the financial breakdown on the sub-sectors of the 
chemical industry. 
 
Table 1.1a Sub-sectors of the South African Chemical Industries3 
Sub-sector Major players 
Liquid Fuels Shell, BP, Sasol & Caltex 
Basic Organic Chemicals Sasol, Dow, AECI, African Products, Degussa 
Basic Polymers & Rubbers Sasol, Dow 
Basic Inorganic Chemicals AECI, Bayer, Dow, IOF, NECSA 
Fine Chemicals Dow, AECI, FCC 
Speciality & Functional 
Bayer, AECI, Plascon, Resinkem, Chemserve, 
Aventis 
Pharmaceuticals 
Adcock Ingram, Aspen, Pharmacare, GSK, 
MSD, Norvartis, Pfizer 
Bulk Formulated Sasol, Bayer, Omnia, AECI 
Consumer Formulated Unilever, Colgate, Palmolive, Plascon, Dulux 
Plastics Fenner SA, Goodyear, Dancor, SA Leisure 
Rubber Bridgestone/Firestone, Goodyear 
Synthetic Fibres SANS Fibres 
 
 
 
  
 
 
6
Table 1.1b Financial breakdown of the sub-sectors of the South African 
Chemical Industry in 20004 
Sub-sectors 
Imports 
(US $m) 
Exports 
(US $m)  
Production
(US $m) 
Consumption 
(US $m) 
Sub-sector 1: Liquid 
fuels and associated 
products 
 137  1 091 4 000  3 045 
Sub-sector 2:  
Commodity organic 
chemicals 
 383  393 829  818 
Sub-sector 3: Polymer 
and rubbers products 
in primary forms 
 325  133 965  1 156 
Sub-sector 4:  
Commodity inorganic 
chemicals 
 632  630 1 089  1 090 
Sub-sector 5: Fine 
chemicals 
 400  97 62  364 
Sub-sector 6: Pure 
functional and 
formulated speciality 
chemicals 
 779  360 704  1 123 
Sub-sector 7: Bulk 
formulated chemicals 
 19  146 601  474 
Sub-sector 8: 
Pharmaceuticals 
 560  89 1 000  1 471 
Sub-sector 9: 
Consumer-formulated 
chemicals 
 103  105 703  701 
Sub-sector 10: Plastic 
conversion 
 269  124 2 700  2 845 
Sub-sector 11: Rubber 
conversion 
 241  163 624  701 
 Total US $m  3 854  3 337 13 278  13 795 
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1.3 CHLOROPHENOLS 
 
Chlorophenols are organic compounds with the following general formula: 
Cl
OH
 
 
Commercially the most important chlorophenols are 2,4-dicholorophenol (2,4-
DCP) (1), pentachlorophenol (PCP) (2), 2,4,5-trichlorophenol (2,4,5-TCP) (3), 2-
chlorophenol (2-CP) (4) and 4-chlorophenol (4-CP) (5). 
 
OH
Cl
Cl
OH
Cl
Cl
Cl
Cl Cl
OH
Cl
Cl
Cl
Cl
OH
Cl
OH
(1) (2) (3)
(4)
(5)  
 
1.3.1 Physical properties of some chlorophenols 
 
The present survey was restricted to those chlorinated phenols reflected in Table 
1.2, which depicts some important properties of these chlorinated compounds.  
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Table 1.2 Physical properties of some chlorophenols5 
Compound CAS registry no. Bp (°C) Mp (°C) 
Dissociation 
constant at 25°C
2-Chlorophenol [95-57-8] 175-176 8.7 3.2x10-9 
4-Chlorophenol [106-48-9] 219 40-41 6.6x10-10 
3-Chlorophenol [108-43-0] 215-217 32.8 1.4x10-9 
2,4-Dichlorophenol [120-83-2] 210-211 43-44 2.1x10-8 
2,6-Dichlorophenol [87-65-0] 219-220 67 1.6x10-7 
2,3-Dichlorophenol [576-24-9] 206 58 3.6x10-7 
2,5-Dichlorophenol [583-78-8] 212-213 58 4.5x10-7 
3,4-Dichlorophenol [95-77-2] 253 65 4.1x10-8 
3,5-Dichlorophenol [591-35-5] 233 68 1.2x10-7 
2,4,6-Trichlorophenol [88-06-2] 246 68 3.8x10-8 
2,4,5-Trichlorophenol [95-95-4] 245-246 68 3.7x10-8 
2,3,4-Trichlorophenol [15950-66-0] subl. 83.5 2.2x10-8 
2,3,5-Trichlorophenol [933-78-8] 255 62 4.3x10-8 
2,3,6-Trichlorophenol [933-75-5] 272 101 7.4x10-8 
3,4,5-Trichlorophenol [609-19-8] 275 101 1.8x10-8 
2,3,4,6-
Tetrachlorophenol 
[58-90-2] 
164 
(3.0 kPa) 
69-70 4.2x10-6 
2,3,4,5-
Tetrachlorophenol 
[4901-51-3] subl. 116-117 1.1x10-7 
2,3,5,6-
Tetrachlorophenol 
[935-95-5] subl. 115 3.3x10-6 
Pentachlorophenol [87-86-5] 309-310 190 31.2x10-6 
 
2,4-Dichlorophenoxyacetic acid (2,4-D) is one industrially important pesticide 
derived from chlorinated phenols.6 It is a highly selective herbicide, which is toxic 
to broad-leafed plants but less harmful to grasses. It has a complex mechanism of 
action against weeds, resembling those of growth hormones. Once absorbed, 2,4-
D is translocated within the plant, and accumulates at the growing points of roots 
and shoots where it inhibits growth.  Chlorophenols also find a wide variety of 
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applications in plant protection chemicals as indicated in § 1.4. A few important 
classes and structures of some of these chemicals are also listed here. 
 
1.4 OVERVIEW OF AGRICULTURAL PLANT PROTECTION CHEMICALS7 
 
1.4.1 Classes of plant protection chemicals 
 
1.4.1.1 Herbicides 
 
 Phenoxy acids: Systemic growth stimulators (hormone-like action). 
 
Cl
Cl
OCH2COOH Cl
Cl
OCH2COOH
Cl
2,4-D 2,4-T
(6) (7)  
 
 
 Acetamides: Protein synthesis inhibitors 
 
C2H5
C2H5
N
COCH2Cl
CH2OCH3
N
COCH2Cl
CH2O(C4H9)
C2H5
C2H5
ALACHLOR BUTACHLOR
(8) (9)  
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 Triazines: Inhibit photolysis reactions in photosynthesis 
 
(11)(10)
SIMAZINE     ATRAZINE
N N
N
Cl
NH(C2H5)(C2H5)HN
N N
N
Cl
NHCH(CH3)2(C2H5)HN
 
 
 Bipyridylium herbicides 
 
N N
N NH3C CH3
  DIQUAT PARAQUAT
(12) (13)  
 
 
1.4.1.2 Insecticides 
 
 Chlorinated hydrocarbons 
 
(14)
      LINDANE 
Cl
Cl
Cl
Cl
Cl Cl
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(16)(15)
KEPONEMIREX
Cl
Cl
Cl
Cl
Cl
O
Cl
Cl
Cl
Cl
Cl
Cl
Cl
ClCl
Cl
Cl
Cl
Cl
Cl
ClCl Cl
 
 
 
 Organophosphorous insecticides 
 
(17)
R2A
P
R1B AR3
A
S
PARAOXONPARATHION
(18)  (19)
O NO2(C2H5O)2P O NO2(C2H5O)2P
O
A = O or S
B = O, S, or none
R1; R2 = CH3 or CH2CH3
R3 = CH2COOCH2CH3 or
         CH2CH2N(CH2CH3)2 or
         CH2CH2SCH3
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 Carbamate insecticides 
 
R2, R3 = H, CH3
etc...S CH3Nor R1 =
N
R3
R2
COR1
H
N
CH3
O C
(21)(20)
O
O
CARBAMATES CARBARYL
 
 
 Pyrethroids 
 
ALLETHRIN
(22)
C CH2CH
CH3
H3C
H3C
CH3H3C
O
CH2
O
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O
O
CN
C
(23)
FENVALERATE
 
 
1.4.1.3 Fungicides 
 
 Phthalimides (thiol reactions; thiophosgene production) 
 
N SCCl3
O
O
N SCCl3
O
O
CAPTAN
    
    
(24)
FOLPET
(25)
 
 
 Chlorophenols (ox-phos uncouplers) 
Examples are: 
- Pentachlorophenol 
- 2,4-Dichlorophenol 
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 Imidazoles (P450 “inhibitors”) 
 
(27)
(26)
KETOCONIZOLE
Cl
Cl
N N
O
O
H
O
O
N
PROPICONAZOLE
         
N
N
O
O
Cl
Cl
 
 
 Organomercurials (enzyme inhibition) 
 
Hg
O
O
CH3 HgCl
           Phenylmercuric acetate Methylmercuric chloride
(28) (29)  
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1.4.2 Synthesis of plant protection chemicals derived from 
chlorophenols 
 
1.4.2.1 Profenofos 
 
Profenofos (30) is synthesized via the reaction of phosphorus oxychloride, sodium 
ethoxide and sodium propyl mercaptide. The resultant intermediate is then reacted 
with 2-chloro-4-bromphenol to yield the desiredf product. 
 
(30)
2-chloro-4-bromophenol
+
O
P
S
OCl
CH2CH2CH3
CH2CH3
OH
Cl
Br
Cl
Br O P
S
O
CH2CH2CH3
CH2CH3O
POCl3                 NaOCH2CH2CH3                NaSCH2CH2CH3+ +
 
 
 
1.4.2.2 Triadimefon 
 
The synthesis of Triadimefon (31) occurs via the reaction of the sodium salt of 4-
chlorophenol with 1-bromo-3,3-dimethyl-2-butanone to form 1-(4-chlorophenoxy)-
3,3-dimethyl-2-butanone. The solution is then further reacted with bromine to yield 
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the intermediate 1-(4-chlorophenoxy)-3,3-dimethyl-1-bromo-2-butanone. The 
intermediate is then further reacted with 1,2,4-triazol-1-yl to yield triadimefon. 
 
Cl ONa
Br CH2 C C CH3
CH3
CH3O
- NaBr
Cl O CH2 C C CH3
CH3
CH3O
+ Br2
- HBr
N
N
N
H
+
- HBr
Cl O CH C C CH3
CH3
CH3OBr
Cl O CH C C CH3
CH3
CH3O
N
N
N
(31)
+
 
 
 
1.4.2.3 2,4-D 
 
2,4-Dichlorophenoxyacetic acid (2,4-D) (6) is commonly prepared by the 
condensation of 2,4-dichlorophenol with monochloroacetic acid in a strong alkaline 
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medium at moderate temperatures. Higher reaction temperatures and alkaline 
conditions during the manufacture of 2,4-D increase the formation of 
polychlorinated dibenzo- p-dioxin (CDD) by-products. 
 
Cl Cl
ONa
- NaCl Cl Cl
O CH2 COOH
ClCH2COOH+
(6)  
 
 
1.4.2.4 Diclofop-methyl 
 
Diclofop-methyl (32) is manufactured via the hydrogenation 4-(2,4-
dichlorophenoxy) nitrobenzene to yield 4-(2,4-dichlorophenoxy) analine. This 
compound is then further reacted with sodium nitrite and hydrochloric acid to form 
the azo-intermediate, which is then reacted with water to yield diclofop-methyl. 
 
Cl
Cl O NO2 Cl
Cl
O NH2
Cl
Cl
O N NCl
Cl
O OH
+ H2O
- N2
- HCl
+ ClCH(CH3)COOCH3 / NaOH
+ NaNO2
+ 2 HCl
- NaCl
- 2 H2O
- NaCl
- H2O
+ 3 H2
- 2 H2O
Cl
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Cl
Cl
O O CH C
CH3
O CH3
O
(32)  
 
 
1.5 IMPORTANCE OF CHLOROPHENOLS 
 
1.5.1 Manufacturing of chlorophenols 
 
Chlorinated phenols are manufactured by the chlorination of phenol, or for the 
higher chlorinated phenols, the chlorination of lower chlorinated phenols at high 
temperatures. The manufacture of the tetrachlorinated phenols requires a catalyst 
(e.g. iodine, ferric chloride). 2,4,5-Trichlorophenol , 2,3,4,5-tetrachlorophenol , and 
2,3,5,6-tetrachlorophenol are also produced by the alkaline hydrolysis of 
hexachlorobenzene. Both processes of chlorophenol production result in the 
formation of impurities. These impurities include polychlorinated dibenzo-p-dioxins 
(PCDDs), polychlorinated dibenzofurans (PCDFs), polychlorinated 
phenoxyphenols, polychlorinated diphenyl ethers, polychlorinated benzenes, and 
polychlorinated biphenyls. Because the higher chlorinated phenols are produced at 
higher temperatures, the contamination of the higher chlorinated phenols is greater 
than that of the lower chlorinated phenols. A few examples of some manufacturing 
routes are described below: 
 
1.5.1.1 2-Chlorophenol8, 9 
 
2-Chlorophenol (4) is obtained by the chlorination of phenol  (33) with chlorine 
gas.9 The formation of 2-chlorophenol is favoured above the formation of 4-
chlorophenol by performing the reaction in an aprotic non-polar solvent medium 
such as hexane, carbon tetrachloride or dichloromethane. Typically, when the 
concentration of phenol decreases from 100% to 5%, the maximum yield of phenol 
increases from 29.0% to 68.0% by weight. An increase in the temperature from 
180C to 780C also results in an increase in the yield of 2-chlorophenol increases 
from 52.8% to 57.7%. Other processes that favour the formation of 2-chlorophenol 
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include the use of aqueous sodium hypochlorite and tert-butyl hypochlorite, alkali 
phenolates dispersed in an anhydrous medium, and chlorine in acetic acid and 
acetic anhydride. 
 
(4)(33)
OH
Cl
CCl4
   Cl2
OH
 
 
Scheme 1.1 Preparation of 2-chlorophenol 
 
1.5.1.2 4-Chlorophenol8, 10 
 
4-Chlorophenol (5) is produced with high selectivity by the reaction of phenol (33) 
with sulfuryl chloride (SO2Cl2) in the presence of FeCl3 or AlCl3 as catalyst. In an 
invention by Watson,10 4-chlorophenol is obtained at high selectivity (80%) at 250C 
and 24 hours of reaction time, when SO2Cl2  and AlCl3 is used as the chlorinating 
agent and catalyst.  
 
OH
SO2Cl2
FeCl3/AlCl3
OH
Cl
(33) (5)  
 
Scheme 1.2 Preparation of 4-chlorophenol 
 
1.5.1.3 2,4-Dichlorophenol (2,4-DCP)8, 11 
 
2,4-Dichlorophenol (1) is produced via the chlorination of phenol (33) in a polar 
solvent such as water or acetic acid at a temperature of 35°C.11 During this 
process phenol is chlorinated in acetic acid at a [Cl2]/[phenol] ratio of 2 (0.498M 
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Cl2) giving rise to 2,4-dichlorophenol at a yield of 81.3% weight. The by-product 
formed during this reaction is 2,6-dichlorophenol at a yield of 16.1%.  
 
OH OH
Cl
Cl
(33) (1)
CH3COOH
    Cl2
700C-800C 
 
 
Scheme 1.3 Preparation of 2,4-DCP 
 
1.5.1.4 2,4,5-Trichlorophenol (2,4,5-TCP)12 
 
2,4,5-Trichlorophenol (3) is produced by the nitration of 1,2,4-trichlorobenzene (34) 
in the presence of a strong mineral acid such as fuming HNO3 at a temperature 
range from 300C to 550C. The 1,2,4-trichloro-5-nitrobenzene is recovered by water 
wash and filtration. The 1,2,4-trichloro-5-nitrobenzene is reduced to the amine by 
hydrogenation with Pd/C at a temperature of 800-1300C and a pressure of 75-250 
psi(g). The product, 2,4,5-trichloroaniline (35) is acidified with HCl and the resulting 
aniline salt diazotized with NaNO2 below 100C. During the last stage the 2,4,5-
trichlorobenzenediazonium salt (36) is hydrolytically decomposed at a reflux 
temperature of 3750C with the recovery of 2,4,5-trichlorophenol during the 
distillation.  
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Cl
Cl Cl
OH
(1) HCl Cl N
Cl Cl
NClCl
Cl
NH2
Cl
(34) (35)
(36)
(3)
Cl
Cl
Cl
(1) HNO3/ H2O
(2) H2/ cat (2) NaNO2
H2O 
+ heat
 
Scheme 1.4 Preparation of 2,4,5-TCP 
 
1.5.1.5 Pentachlorophenol8,13  
 
Pentachlorophenol is manufactured by the chlorination of molten phenol at 
temperatures from 100°C to 180°C in the presence of a 1 w/w% Friedel-Crafts 
catalyst such as FeCl3 or AlCl3. After 12 hours of reaction time the average yield of 
pentachlorophenol is 70% by weight. 
 
(2)(33)
OH
Cl
Cl Cl
Cl
Cl
OH
     Cl2
FeCl3/ AlCl3
1000C-1800C
 
Scheme 1.5 Preparation of pentachlorophenol 
 
1.5.2 Uses of chlorophenols 
 
Chlorophenols are mainly used as intermediates in the manufacturing of 
agricultural chemicals, pharmaceuticals, biocides and dyes. The most important 
chlorophenols considered in this survey are the mono- and di-substituted 
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chlorophenols. Some information regarding higher-substituted chlorophenols will 
also be mentioned. These chlorinated phenols can pose a serious risk since 
thermal and chemical degradation lead to the formation of harmful substances 
such as polychlorodibenzoparadioxins, polychlorodibenzofurans and 
polychlorophenoxyphenols. 
 
Economically,14,15 the most important polychlorophenols are 2,4-dichlorophenol, 
2,4,5-trichlorophenol, pentachlorophenol, ortho-, and para-chlorophenol. Mono-
chlorophenols are used as antiseptics, although in this role other chemicals have 
largely replaced them. Specifically 4-chlorophenol (4-CP) has been used as a 
disinfectant for household, medical, and agricultural purposes, and as an antiseptic 
in root canal treatment.  
 
Chlorophenols, as stated earlier, are widely used in the manufacture of plant 
protection compounds which consumes 80-90% of its production capacity. In 
essence, its use is particularly applied to the production of phenoxyherbicides, with 
2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol as the most widely used 
compounds in addition to pentacholorophenol which is used as a fungicide in wood 
protection formulations16.  
 
The information regarding the volumes of 2,4-dichlorophenol and 
pentachlorophenol used in the United States can be related to the amounts of 
phenol used in the manufacturing of pentachlorophenol and the herbicide 2,4-
diphenoxyacetic acid (2,4-D). The annual production of 2,4-D and 2,4-
dichlorophenoxy-4-butyric acid is 30-40 kt. Hoelon (Hoechts), Modown (Mobil), 
Ronstar (Rhône-Poulenc), and TOK E-25 (Rohm and Haas) are among the major 
herbicides. Curacron (Ciba Geigy) exemplifies the insecticides made from 
chlorophenols. Among the fungicides are Bayleton (Bayer), MO (Mitsui Toatsu 
Chemicals), and Procloraz or Sportak (Boots). Table 1.3 summarises the important 
plant protection chemicals and their producers. 
 
Pharmaceuticals derived from chlorophenols include clofibrate, ethyl 2-(4-
chlorophenoxy)-2-methylpropionate (ICI), used in the treatment of high serum 
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cholesterol, and Mervan or Aldofene, an anti-inflammatory and analgesic drug 
(Continental Pharma). Table 1.4 contains a summary of some of the important 
uses of the various chlorophenols. 
 
Table 1.3 Producers of some important plant protection chemicals 
Plant protection chemical Producer 
Herbicides  
 2,4-D DOW 
 Hoelen Hoechst 
 Modown Mobil 
 Ronstar Rhône Poulenc 
 TOK E-25 Rohm and Haas 
(now part of Dow Agrosciences) 
Insecticide  
 Curacron Ciba Geigy 
Fungicides  
 Bayleton Bayer 
 MO Mitsui Toatsu Chemicals 
 Proclaz/Sportak Boots 
 
 
Table 1.4 Uses of chlorophenols17 
Compound Uses 
2,4-Dichlorophenol Intermediate for insecticides, herbicides, preservatives, antiseptic 
disinfectants and other organic compounds. 
2-Chlorophenol In the preparation of 2,4-DCP, 2,4,6-TCP, and pentachlorophenol, polymer 
intermediate for fire-retardant varnishes, cotton fabric treatment to provide 
rot resistance, ingredient in coal processing, topical antiseptics.  
3-Chlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides, topical antiseptics. 
4-Chlorophenol Intermediate for higher chlorophenols, intermediate dyes, fungicides, drugs 
and topical antiseptics. 
2,3-Dichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides, topical antiseptics. 
  
 
 
24
Table 1.4 Continued 
Compound Uses 
2,4-Dichlorophenol 
 
Intermediate for the production of 2,4-D and other related herbicides, 
ingredients of antiseptics, starting material for higher chlorophenols, 
intermediate for production of Sesone, Nitrofen, Nemacide, antihelminthic 
drug, polyester films, mothproofing, miticide. 
2,5-Dichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides, topical antiseptics, antihelminthic drug. 
2,6-Dichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides, antihelminthic drug. 
3,4-Dichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides. 
3,5-Dichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides. 
2,3,4-Trichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides. 
2,3,5-Trichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides. 
2,3,6-Trichlorophenol Intermediate for agrochemicals and other compounds, formulating 
fungicides, bactericides, algicides. 
2,4,5-Trichlorophenol Intermediate for 2,4,5-T and 2,4,5-TCPPA and related herbicides, 
fungicides, bactericides, algicides, ingredients of germicidal soaps, 
germicide for preservation. 
2,4,6-Trichlorophenol Precursor for higher chlorophenols, intermediates in preparation of 
insecticides, germicides for preservation of wood, leather, glue, textiles, and 
ingredients of germicidal soaps. 
2,3,4,5-Tetrachlorophenol Fungicide and bactericide for wood preservation, Sapstain (sodium salt 
form), pesticide, preservative for latex and leather, plywood. 
2,3,4,6-Tetrachlorophenol Fungicide and bactericide for wood preservation, Sapstain (sodium salt 
form), pesticide, preservative for latex and leather, plywood. 
2,3,5,6-Tetrachlorophenol Fungicide and bactericide for wood preservation, Sapstain (sodium salt 
form), pesticide, preservative for latex and leather, plywood. 
Pentachlorophenol Preservative for timber from fungal rot and wood boring insects, 
intermediates for pesticides and fungicides, cooling towers additive of 
electric plants, additive to adhesives, additive in shingles, brick walls, 
concrete blocks, insulation, pipe sealant compounds, photographic 
solutions, and textiles, and in drilling mud in the petroleum industry.  
 
Table 1.5 shows the structures of the various relevant chlorophenol products, and 
their trademarks. 
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Table 1.5 Agricultural and pharmaceutical chemicals prepared from 
chlorophenols 
Structure Trade-mark 
Cl
Cl
O CH2COOH
 
2,4-D Acid 
(herbicide) 
Cl
Cl
O CHCOOH
CH3
 
Dichloroprop 
(herbicide) 
O O CHCOOCH3
Cl
Cl
CH3
 
Hoelon (herbicide) 
O NO2
Cl
Cl
COOCH3  
Bifenox (herbicide) 
NN
O
Cl
Cl
OCH2CH3
Cl
C3H7
N
C
 
Sportak (fungicide) 
Cl
OCH2CH2NHNH
Cl
C
NH
NH2
 
Guanochlor 
(antihypertensor) 
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1.6 HYDROGENATION 
 
The hydrogenation of organic compounds (through addition and hydrogenolysis) is 
a reaction of great industrial importance. The addition of hydrogen is used in the 
production of edible fats from liquid oils.18 In the petrochemical industry, numerous 
processes involved in the manufacture of gasoline and petrochemical products are 
based on the destructive hydrogenation of olefinic hydrocarbons. In the late 20th 
century, the production of liquid fuels by hydrogenation of coal has become an 
attractive alternative to the extraction of petroleum. The industrial importance of 
the hydrogenation process dates from 1897, when the French chemist Paul 
Sabatier discovered that the introduction of trace amounts of nickel as catalyst 
facilitated the addition of hydrogen to molecules of carbon compounds.19 
 
The catalysts most commonly used for hydrogenation reactions are the metals 
nickel, platinum and palladium, and their oxides. For high-pressure 
hydrogenations, copper chromite and nickel supported on kieselguhr (loose or 
porous diatomite) are extensively used. Four different possibilities of industrial 
hydrogenation catalysis exist: 
 
 Heterogeneous catalysis in the vapour phase, with the catalyst in the form 
of pellets (e.g. Cu/Cr oxides), 
 Heterogeneous catalysis in the liquid phase (fine chemicals), with the 
catalyst in the form of powder (e.g. Pd/C), 
 Large scale heterogeneous catalysis in the liquid phase (petrochemicals), 
with the catalyst in the form of pellets (e.g. Co/Mo sulfides for 
hydrogenolysis), and 
 Homogeneous catalysis with metal complexes, (e.g. Rh complexes or Co 
carbonyl complexes which are active at low temperatures). 
 
Liquid phase hydrogenations (Raney-type nickel and other systems) find a wide 
variety of applications as mentioned below: 
 Manufacture of mannitol (NCP), 
 Manufacture of xylitol (NCP, TSB), 
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 Amines from nitriles (Karbochem), 
 Furfurol from furfaral (Illovo Sugar), 
 Manufacture of aminophenol (Delta G, now Dow Sentrachem), and  
 Manufacture of hormones and other pharmaceutically active materials 
(Foodtek). 
 
Similarly to liquid phase hydrogenations, gas phase applications also share an 
equal importance for fine and commodity chemical productions such as: 
 Ester hydrogenation (Davy), 
 Ethylene glycol/glycerine manufacture via glucose hydrogenation (IDC, 
TSB), 
 Patent novel catalysts for the selective hydrogenation (based on zirconia) to 
replace copper chromites (International demonstrations  by  Calcicat and 
Davy), and 
 Competitive hydrogenation of ketones, aldehydes and esters, in the 
presence of alpha-olefins (Sasol). 
 
Table 1.6 shows the reaction conditions of some important industrial processes of 
hydrogenation, their respective substrates and products. 
 
Table 1.6 Main industrial processes of hydrogenation 
Reagent Product Catalyst Temp. (oC) 
Pressure 
(atm) 
N2 NH3 Fe 350 300 
CO CH3OH 
Cu/Zn/Al 
oxides 
250 50 
Unsat. esters Unsat. alcohols Cu/Cr oxides 300 300 
Benzene Cyclohexane Ni 80 30 
Olefins/CO Alcohols 
Rh 
complexes 
80 20 
Nitrobenzene Aniline Pd/C 80 70 
Benzene Cyclohexane Ru (Zn) 80 10 
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Table 1.6 Continued 
Reagent Product Catalyst Temp. (oC) 
Pressure 
(atm) 
Adiponitrile 
Hexamethylene-
diamine 
Ni 115 30 
Aldehydes Alcohols Cu/Cr oxides 160 60 
Olefins/CO Alcohols 
Rh 
complexes 
80 20 
Maleic 
anhydride 
Butyrolactone Cu/Cr oxides 220 5 
CO Paraffins Fe 300 60 
Fat nitriles 
Saturated 
amines 
Ni 140 50 
Phenol Cyclohexanone Ni 200 >75 
Oils, greases Unsat. alcohols Cu/Cr oxides 250 200 
Fat acids Partlt Sat. acids Cu/Cr oxides 160 4 
Diolefins, 
acetylene 
Olefins Pd 65 1-10 
Dinitrotoluene Diaminotoluene Ni 100 50 
glucose Sorbitol Ni 140 170 
 
Hydrogenation reactions for fine and commodity chemicals can be classified into 
two types of reactions: 
 Addition of hydrogen to multiple bonds, and  
 Hydrogenolysis reactions with transformation of a C-X bond into a C-H or a 
C-X and an H-X bond; one reaction forming part of this specific group is 
called hydrodechlorination. 
 
A hydrodechlorination reaction is the reaction between H2 and an organic 
compound that contains a C-Cl bond(s). During the reaction, chlorine is removed 
from the compound as HCl product and the original C-Cl bond is replaced with a 
new C-H bond (Scheme 1.6). 
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RCl  +  H2     RH  + HCl  
Scheme 1.6: Hydrodechlorination reaction 
 
Hydrodechlorination is a promising technology for the removal of chlorinated 
compounds from waste streams. These reactions, which are usually rapid at 
ambient temperature, transform a variety of compounds, e.g. halogenated 
methanes [carbon tetrachloride (CT), chloroform (CF)], halogenated ethenes 
[tetrachloroethene (PCE), dichloroethene (DCE), vinyl chloride (VC)], halogenated 
ethanes [1,1,2-trichloroethane (1,1,2-TCA), 1,1,2-trichlorotrifluoroethane (Freon-
113)], benzenes (chlorobenzene, 1,2-dichlorobenzene), polychlorinated biphenyls 
(PCB’s), polycyclic aromatic hydrocarbons (PAH’s), pesticides, and nitrates, to 
less harmful constituents. 
 
This reaction is applied in many syntheses that use chlorine-containing 
compounds as intermediates. An example is in the manufacturing of CF3CFH2, a 
widely used refrigerant. The hydrodechlorination reaction is used to reduce the 
intermediate CF3CFCl2 to the desired product (Scheme 1.7).  
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CH2 CH2
CCl2 CCl2
CF3CFCl2
CF3CFCH2
2 Cl2
Cl2/ 4 HF
2 H2 2 HCl
4 HCl
4HCl
 
Scheme 1.7:  Production of the refrigerant, CF3CFH2, via a 
hydrodechlorination reaction20 
 
Hydrodechlorination reactions can also be used for the reclamation of undesired 
by-products into profitable commodities. One example is a Dow-Chemical process 
in which the waste by-product, 1,2-dicholoropropane, is converted to propylene 
used as a reactant. Another example is the conversion of CCl4, a by-product in 
many industrial chlorination processes and a potential ozone depletion agent, into 
valuable CH2Cl2 and CHCl3, which can be used as intermediates or solvents in 
organic synthesis. 
In addition, hydrodechlorination reactions can be applied to destroy the C-Cl bond 
in hazardous waste compounds. Often, C-Cl bond elimination is required before a 
compound can be released into environment, either due to the adverse effect of 
the chloro-containing compounds on the ozone layer or due to the difficulty to 
naturally biodegrade these compounds. Hydrodechlorination reactions can also be 
used to treat chlorinated aromatic by-products formed during petroleum refining 
processes. This method has advantages over traditional incineration methods 
during which harmful organic compounds are produced at elevated temperatures. 
Another example where catalytic hydrodechlorination finds its application is in the 
area of wastewater treatment. 
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In light of this, catalysis proves to be an effective way of meeting the challenges of 
waste reduction. It is under-used as a technology for converting wastes into 
recyclable material. Some important uses for catalysis in this area include:21 
 
 Its use in waste treatment, either as a stand-alone treatment unit or as a 
waste pre-treatment method. 
 The convenience of waste streams into recyclable material. A number of 
technologies have been developed which use catalysis to convert streams 
into recyclable material.  
 Its significant role in waste reduction through selectivity improvement. 
Maximizing selectivity, i.e. the efficient use of raw materials, has always 
been a major factor in the design of chemical processes. 
 Its role in waste reduction by reducing selectivities for highly toxic waste 
products. Often what makes waste difficult or expensive to dispose of is 
highly toxic trace contaminants. For example, if a waste stream contains 
only a few parts per billion of 2,3,7,8-tetrachloro-dibenzodioxin, it will be 
much more difficult and expensive to manage than the same waste without 
the trace level of dioxin. Designing catalysts that avoid the formation of 
highly toxic by-products is a selectivity problem, which is a different 
selectivity problem than that faced in the past. Indeed, one may be willing to 
reduce overall selectivity in a chemical reaction if the generation of highly 
toxic contaminants in the waste streams are reduced. 
 
1.7 OBJECTIVES AND MOTIVATION FOR THE STUDY  
 
This investigation is concerned with the liquid phase catalytic hydrodechlorination 
of chlorinated phenols and, in particular, the selective hydrodechlorination of 
chlorinated phenols to lower chlorinated phenols. The study is restricted to the use 
of ammonium formate and dihydrogen (H2) as reducing agents for these 
hydrodechlorinations. The motivations for undertaking this work were as follows: 
 South Africa, through Merisol RSA, is the world’s largest producer of 
phenolic compounds. It is therefore not surprising that local beneficiation of 
such phenolic compounds should be considered by other local South 
African companies. One such example is the chlorination of phenol and 
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subsequent conversion of the 2,4-dichlorophenol product to 2,4-D (first by 
Sentrachem and later by Dow-Sentrachem). The chlorination of phenol, 
however, leads to other chlorinated phenol products, including 
polychlorinated phenols, that are extremely problematic to dispose of. An 
alternative to disposal is the hydrodechlorination of such chlorinated 
phenols to lower chlorinated phenols that may be used as starting materials 
for other synthetic routes, or even phenol that may be recycled to the 
chlorination reactor.  
 Apart from the above, there is also an interest to determine the viability of 
selectively cleaving specific carbon-chlorine bonds in polychlorinated 
phenols to give specific substituted chlorophenols.  
 There is a drive towards cheaper, simple production routes with high 
selectivity towards the required product. This is simply a reflection of the 
need for producers of commodity and fine chemicals to maintain economic 
competitiveness. 
 
1.8 DELIMITATION OF THE INVESTIGATION 
 
As stated previously, this study is concerned with the investigation of the selective 
hydrodechlorination of chlorinated phenols to lesser chlorinated products. From 
the preceding discussions, it is clear that there are several promising routes to 
these lesser chlorinated products. This investigation, however, will concentrate on 
the Pd/C-catalysed hydrodechlorination of 2,4-dichlorophenol and 2,4,6-
trichlorophenol in methanolic solvents as potential methods for the production of 
lesser chlorinated products such as phenol. The following aspects of these 
hydrodechlorinations will be considered in some detail: 
 The effect of the nature of the substrate on the hydrodechlorination 
reaction. 
 The nature of the active catalyst in the various stages of 
hydrodechlorination. 
 The effect of reducing agents on hydrodechlorination. 
 Kinetics of the hydrodechlorination of the substrates with dihydrogen. 
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Chlorinated phenols and other chlorinated aromatic compounds, especially 
polychlorinated biphenyls (PCBs) (37), polychlorinated dibenzofurans (PCDFs) 
(38) and polychlorinated dibenzodioxins (PCDDs) (39) (Figure 1.1) are widely 
distributed in wastewater effluents at plant protection manufacturing companies. 
The problem with this is that these compounds are highly carcinogenic (cancer-
causing). 
 
(39)
PCDD
(38)
PCDF
(37)
PCB
O
Clx Cly
Cly
ClyClx
Clx
O
O
 
Figure 1.1 Important carcinogenic chlorinated compounds 
 
This demonstrates a national need for a variety of rapid remediation methods. 
Toxicological data shows that these chlorinated substances (more than for any 
other category of hazardous substances) pose serious environmental and health 
risk problems. This highlights the need to develop remediation technologies to 
decontaminate hazardous waste streams. Chlorinated phenolic compounds are 
widely used for a variety of applications ranging from pesticides, biocides, and 
pharmaceutical compounds. However, they occur as serious contaminants as part 
of pesticidal industrial wastes at major hazardous waste landfill sites in South 
Africa and elsewhere in the world. Since they migrate through soils, ex-situ 
methods of decontamination/destruction are needed for soils, sludge and industrial 
process waste streams. 
 
It was proposed to investigate a reduction technology to destroy persistent 
chlorinated phenolic compounds found in industrial waste using hydride transfer 
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dechlorination by means of ammonium formate as reducing agent and reductive 
hydrodechlorination using dihydrogen. This method is applicable to in-situ and ex-
situ treatments.  
 
The proposed research will test the hypothesis that virtually all chlorinated organic 
compounds (chlorinated phenols used in herbicides and pesticides) can be rapidly 
dechlorinated at ambient temperatures and pressure in the presence of water and 
a suitable solvent. Furthermore, the proposed work will demonstrate if this class of 
chlorinated organics can be economically dechlorinated while present in waste 
streams. If model chlorinated phenolic compounds exhibit rapid and efficient 
dechlorination kinetics, the way will be opened for direct PdC/HCOOH or PdC/H2 
injection into contaminated waste streams as a way of in-situ treatment. This 
would permit chlorinated phenolic stream remediation prior to more widespread 
migration and entry of these compounds into soils and groundwater. Several 
advantages seem obvious based on the work that has been performed so far in 
the laboratory22 on chlorinated phenols in a suitable solvent. The advantages of 
ammonium formate-transfer-dehalogenation include: (1) solvated hydride 
dehalogenations operating at mild or room temperatures, (2) their rapid rates, and 
(3) ease of catalyst separation.  
 
Preliminary work has shown that chlorinated compounds can be efficiently 
decontaminated in methanolic/aqueous solutions when treated with either 
ammonium formate or dihydrogen together with a suitable catalyst such as Pd/C. 
The products for the dechlorination of 2,6-dichlorophenol (2,6-DCP) (40) and 
2,4,6-trichlorophenol (2,4,6-TCP) (41) with ammonium formate were 2-
chlorophenol (2-CP) (4) and phenol (33) (from 2,6-DCP) and 2,6-DCP (40), 2,4-
DCP (1), 2-CP (4), 4-CP (5) and phenol (33) respectively (Scheme 1.8). The 
above-mentioned starting materials when treated with dihydrogen gave the 
previously-mentioned products with the inclusion of cyclohexanone (42) (Scheme 
1.9). 
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Scheme 1.8: Hydride transfer-hydrogenolysis  
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Scheme 1.9: Reductive hydrogenation 
 
1.9 REMEDIATION TECHNOLOGIES 
 
Combustion or pyrolysis of chlorinated hazardous wastes is usually expensive. 
Combustion is also known to produce small traces of dioxins that can lead to 
serious detrimental health effects in surrounding communities. This has made 
combustion a sensitive problem with regards to the public view of employing such 
a technology, and has enhanced the difficulty of locating and operating 
incinerators. For these reasons, it would be desirable to develop methods which 
could dehalogenate organic compounds rapidly and economically at low 
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temperatures without toxic compound generation. A key point is that the chlorine 
displaced in reductions will end up as stable inorganic chlorides. 
 
The chemical destruction of bulk halogenated organic waste materials, such as 
pesticides and PCBs, has been carried out by incineration (particularly in cement 
kilns), plasma incineration, and wet oxidation, to name a few approaches.23 Some 
inventions describe the use of polyethylene glycol together with NaOH or KOH to 
dechlorinate PCBs.24-26 This technique leads to rapid dehalogenation of a variety 
of halogenated organics. Another way of destroying halogenated aromatic 
compounds is by the use of NaBH4 in polar27 and non-polar28 solvents. This latter 
method is chemically very promising in relatively mild conditions. However, the 
costs associated with using NaBH4 or NaBH4-x(OR)x rule out the large scale 
application of this type of treatment, thereby confining its use to higher cost niche 
areas or to only smaller samples.  
 
Municipal industrial hazardous wastes are produced in vast quantities across the 
globe.29 The exact management and treatment of these types of wastes ultimately 
reflect on the outcome of its effect on human health and the environment. The safe 
disposal of waste involves a range of technical and logistical difficulties. Few 
existing methods of waste disposal actually eliminate the toxic components 
existent in waste. Instead, these techniques convert them to some other form such 
as gases, ash, etc.  
 
Incineration, landfilling, and other conventional methods of waste disposal are 
faced with the aforementioned difficulties. Landfilling is notorious for the propensity 
to leach toxic metals and non-biodegradable organic compounds into waterways 
as well as releasing toxic noxious fumes. Incinerators on the other hand discharge 
highly toxic chemicals to both the atmosphere and into residual ashes. Fortunately, 
some incineration techniques offer some minimization of these dangers by 
chemically transforming toxic materials into safer materials by substantially 
improving destruction efficiencies and residue capturing.  
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Since waste is continuously generated in increasing amounts, the treatment of 
waste is continuously improved to make disposal methods safer. Ultimately the 
solution to waste disposal problems should involve a combination of approaches: 
 Drastically reducing the quantities of waste created, preferably through 
cleaner production and through re-use, recycling, process modification, and 
other means. This approach forms a part of the waste treatment paradigm. 
 Eliminating as far as possible the production and use of toxic, persistent, or 
bio-accumulative chemicals (substituting alternative materials, products, 
and methods) so that these chemicals do not end up in waste streams.  
 
 Utilizing modern non-incineration technologies to eliminate remaining 
wastes, including stockpiles of persistent organic pollutants such as PCBs, 
pesticides, and their precursors. 
 
Several effective, affordable, and environmentally sound waste disposal or 
treatment options are available; others are scientifically within reach. Separating 
waste categories can go a long way in addressing waste problems. By some 
estimates, intensive re-use and recycling systems could take care of nearly 80% of 
municipal waste. For toxic industrial and medical waste, non-incineration 
technologies such as electrochemical oxidation, molten metal oxidation, solvated 
electron oxidation, and supercritical water oxidation may prove to be efficient. 
 
1.10 TECHNOLOGIES FOR THE DESTRUCTION OF CHLORINATED WASTE 
STREAMS 
 
Several techniques are employed to remove or destroy chlorinated waste streams. 
These include extraction processes viz. solvent extraction, supercritical fluid 
extraction (SCFE), incineration, chemical dechlorination, bioremediation, 
supercritical water oxidation (SCWO), electrochemical treatment, photochemical 
processes and sonochemical destruction. These methods are now briefly 
discussed:23 
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1.10.1 Extraction processes 
 
1.10.1.1 Solvent extraction 
 
A typical example includes the extraction of organochlorinated compounds from 
soil during remediation. The solvent phase is separated, using standard separation 
techniques, into oil, solvent and water. This process does not destroy 
organochlorinated compounds but merely concentrates them into one phase that 
must then be disposed of by a suitable destruction technique. 
 
1.10.1.2 Supercritical fluid extraction (SCFE) 
 
Extractions are performed at elevated temperatures and pressures above the 
critical values of the extraction fluid. This results in the enhanced solubility of 
organic molecules and high diffusion and low viscosity for advantageous mass 
transfer into the extraction fluid. This technique is very suitable for the removal of 
PCBs and other problematic pollutants from contaminated soils. It is suited for the 
treatment of high concentrations of non-volatile toxins, especially at levels too high 
for bioremediation. Since this technique will not destroy the contaminants, it 
reduces the quantity of contaminants thus making it easier to re-use contaminated 
soils.  
 
1.10.2 Incineration 
 
Incineration is often used for the destruction of chlorinated waste streams such as 
contaminated soils, sludges, and hazardous liquids. Although incineration is widely 
employed, it has several disadvantages such as high operating costs and the fact 
that more and more waste generators are employing pollution prevention and on-
site treatment. Moreover, it also faces replacement from cement kilns, which are 
used to efficiently dispose of industrial sludge and solid waste.   
 
1.10.3 Bioremediation 
 
Bioremediation uses the metabolism of micro-organisms to break down wastes. It 
is a technique commonly used in the treatment of PCP using activated sludges. 
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The degradation of highly chlorinated compounds is achieved by a combination of 
anaerobic and aerobic treatments. This is due to aromatic rings that are highly 
substituted with chlorine being very resistant to oxidation. Usually successful 
treatment is achieved first by reductive dechlorination, followed by oxidative ring 
opening.  
 
An effective method for achieving this is by utilising anaerobic and aerobic micro-
organisms in conjunction with fungi. The fungi secrete peroxidase enzymes into 
the extracellular region, which catalyse the generation of radical oxygen species, 
such as superoxide anions, or hydroxyl radicals, which in turn oxidise the organic 
waste. This technique is used to destroy low concentrations of pollutants to non-
detectable levels. 
 
1.10.4 Supercritical water oxidation (SCWO) 
 
This method involves the treatment of organic compounds with oxygen or moist air 
at elevated temperatures with destruction efficiencies of around 99.5%. It makes 
use of certain properties of water at temperatures and pressures above the critical 
point of water. During this process, carbon dioxide and water are formed. The use 
of this treatment with chlorinated organic compounds gives rise to the formation of 
hydrochloric acid that needs neutralisation with an alkali. Compounds such as 
PCBs, PCDDs, PCDFs and DDT are effectively treated utilising this method. 
 
1.10.5 Electrochemical treatment 
 
Electrochemical treatment of chlorinated wastes involves the transfer of charge to 
the chlorinated compound followed by chemical degradation of the resulting 
intermediates. Charge transfer usually occurs at an electrode interface or by 
means of a mediator, which acts as intermediate charge carrier between the 
electrode and the target compound. This is a very effective method for the 
treatment of chlorinated waste. A few advantages of this method include: 
 The fact that it is very selective and efficient, whereby chlorinated 
compounds can be destroyed by controlling the current or potential. 
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 Its employment of continuous flow cells and large area/volume spaces, 
and thus large volumes of waste streams can be treated. 
 The fact that low concentrations of polar or ionic organochlorines can be 
concentrated and destroyed effectively. 
 The observation that reactions occur at room temperature and 
atmospheric pressure, thus making it a mild treatment process. 
 
Addition of heavy metal salts such as Pb, Cd, Sn, Cu, Ni and Zn to cathodic 
solutions usually improves the selectivity and efficiency of certain electrode 
reactions. Successful removal of chlorine atoms occurs by varying the electrode 
potential. One disadvantage of using such an approach is the increase in 
hydrogen production because of dechlorination reactions. Another alternative 
method for degrading chlorinated compounds is by means of electrochemical 
oxidation, but this has the disadvantage of slow chemical kinetics observed on 
anodic materials such as Pt, Au, PbO2, and various carbon-type materials.  
 
1.10.6 Photochemical processes 
 
This is a common technique used in the treatment of wastewaters with partial or 
total destruction of organic waste. It is used in practice for the treatment of dilute 
waste streams or as a final polishing stage. The mechanism of degradation occurs 
by either photolysis of the carbon-chlorine bond or by means of radical generation 
by chemically produced oxygen species (see § 1.10.6.2, Advanced oxidation 
processes – AOP).  
 
1.10.6.1 Photolytic processes 
 
Photolytic degradation of chlorinated compounds occurs by electron transfer from 
the photo-excited state of the organic compound to the ground state dioxygen, or 
by reaction of dioxygen with an organic radical. An example of such a process 
involves the treatment of solutions of PCP with sunlight resulting in a range of 
products (Figure 1.2), e.g. the formation of tetrachlorohydroquinone (43), 
tetrachlorocathecol (44) and tetrachlororesorcinol (45), with subsequent oxidation 
by air to the corresponding quinines (46, 47). Furthermore, the quinines are readily 
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degraded to dichloromaleic acid, which is then converted to smaller fragments, 
CO2 and HCl.  
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Figure 1.2 Products obtained after the photolytic treatment of PCP, and 
subsequent oxidation by air 
 
1.10.6.2 Advanced oxidation processes (AOP) 
 
This process occurs by means of the oxidation of chlorinated aromatic compounds 
with an oxidant and ultraviolet light. Typical oxidants are Fe/H2O2, H2O2, and O3. 
The mechanism of the reaction involves the generation and reaction of a hydroxyl 
radical with an organic compound with subsequent oxidation. This reaction 
generates organic radicals that further react with dioxygen to yield peroxyl radicals, 
which in turn react further to initiate reactions of oxidative degradation leading to 
CO2, H2O and inorganic salts. A typical reaction is illustrated in Scheme 1.10. 
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Scheme 1.10 Photochemical oxidation of organic compounds 
 
The use of ultraviolet light and hydrogen peroxide as oxidant offers a few 
advantages compared to other chemical and photochemical processes. These 
include: 
 The high solubility of oxidant in water, 
 The commercial availability of hydrogen peroxide, 
 The fact that two OH radicals are formed for each molecule of H2O2, 
 The absence of mass-transfer problems are associated with gases, 
 The fact that peroxyl radicals are generated after OH.  attack on most 
organic substrates leading to chain oxidation reactions, 
 Minimal capital investment, and 
 Simplicity of operation. 
 
A problem associated with this method is that the rate of chemical oxidation is 
limited by the photolysis of the HO-OH bond due to low absorption efficiencies of 
the UV light. A method for overcoming this is by utilizing transition metals such as 
Fe2+ (Fenton’s reagent) to catalyze OH radical formation (Scheme 1.11). 
 
OHOHFeOHFe .3222    
 
Scheme 1.11 Photolysis of H2O2 by Fenton’s reagent 
 
This technique is widely used for the generation of hydroxyl radicals to treat 
chlorinated aqueous waste streams. Compounds such as chlorophenols, PCBs 
and PCDDs can successfully be oxidized using Fenton’s reagent. 
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1.10.7 Sonochemical destruction 
 
This technique, which employs ultrasonic irradiation, produces hydroxyl radicals 
from water, which in turn is the reactive species during the oxidation of the organic 
compound. Simultaneous oxidation and reduction can occur during this process as 
illustrated below (Scheme 1.12) during the ultrasonic irradiation of benzoquinone 
(49). This technique is effective in the treatment of chlorinated hydrocarbons, 
chlorinated solvents and pentachlorophenol. 
 
OHx
HydroxybenzoquinoneBenzoquinoneHydroquinone   
H OH
O
OO
OOH
OH
(48) (49) (50)  
 
Scheme 1.12 Oxidation/reduction of benzoquinone 
 
1.10.8 Chemical dechlorination 
 
Chemical dechlorination is a technique widely used for treating persistent 
compounds such as PCBs arising from chlorinated waste streams. Reagents used 
during treatment are alkali polyethylene glycolate reagents such as potassium 
polyethylene glycol (KPEG) and sodium polyethylene glycol (NaPEG). PCBs (37), 
for example, are treated with potassium hydroxide and polyethylene glycol 
resulting in chlorine being substituted to produce an ether (51) and KCl. 
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Scheme 1.13 KPEG declorination of PCB 
 
1.11 OVERVIEW OF CHEMICAL DECHLORINATIONS 
 
The current investigation is directed at the methods for the chemical dechlorination 
of aromatic halides and specifically chlorinated phenols. Chemical 
hydrodechlorination of halogenated compounds can be achieved by: 
 Catalytic vapour phase reactions using dihydrogen and a Pd/C catalyst, 
 Reaction of a gaseous mixture of halogenated compounds with a melt of 
catalyst such as FeCl2/CuCl2 and an alkali metal chloride, 
 Catalytic oxidation, 
 Liquid-phase catalytic hydrodechlorination using a noble metal catalyst and 
a Lewis acid, 
 Liquid-phase hydrogenation in the presence of a sulphide of Fe, Co, Ni, Pd 
or elemental sulphur, 
 Liquid-phase oxidative dechlorination with potassium polyethylene glycol 
(KPEG) and sodium polyethylene glycol (NaPEG), and 
 Liquid-phase ammonium formate transfer hydrogenolysis in the presence of 
Pd/C. 
 
1.11.1 Electrochemical reductions 
 
Various methods exist for the electrochemical dehalogenation of chlorinated 
compounds.30-42 In particular, chlorophenols can be reduced by means of 
electrochemical reduction, employing a lead electrode in aqueous or carbonate 
solution,43 or by palladized-carbon cloth or graphite electrodes in sodium 
acetate/acetic acid buffer.44 An example of such a process is the reduction of 
pentachlorophenol with a lead electrode in aqueous media or by employing 
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propylene carbonate as solvent. In this case, propylene carbonate is the preferred 
solvent of choice because of its more negative decomposition potential compared 
to pentachlorophenol. When an aqueous medium is employed, hydrogen-mediated 
reduction and formation of lesser chlorinated products were not observed. Another 
approach42 makes use of a complex cell construction whereby pentachlorophenol 
is reduced at a titanium-working electrode. The cell consists of a Ag/AgCl 
reference electrode with a titanium-working and counter electrode that has been 
previously coated with a solution of butyltitanate (30%), RuCl3.H2O (10%), HCl 
(4%), and butanol (62%).  The electrolyte consists of triethylammonium 
bicarbonate (TEAB) together with DMF used as the compound capable of forming 
an inium ion with the cell voltage being operated at –2.5V versus Ag/AgCl. 
 
There are several disadvantages associated with electrochemical 
hydrodechlorinations of higher chlorinated phenols, including the failure to produce 
complete conversion to compounds containing no chlorine bonds,45 and the fact 
that it is only effective with low concentrations of compounds in aqueous media. 
Other disadvantages include the use of expensive solvents and electrolytes as 
well as complex cell setups. 
 
1.11.2 Ammonium formate-catalysed transfer hydrogenolysis  
 
Hydrogen-transfer hydrodehalogenations are effective for treating halogenated 
compounds under mild conditions.22,46-51 These hydrogen donors include formate 
salts,22,47-50 2-propanol,46,49 phosphinic acid,51 and sodium hypophosphite.48 In a 
typical example,22 2,4,6-TCP is hydrodechlorinated with ammonium formate and a 
noble metal catalyst to yield a mixture of products viz. 2-CP, 2,6-DCP, 2,4-DCP 
and phenol.  A completely dechlorinated product can be achieved in 10 minutes 
depending on the concentrations of substrate, ammonium formate and catalyst. 
Such a technique proves practically useful in the hydrodechlorination of hazardous 
environmental PCBs (37) such as Arochlor 1254.  
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Scheme 1.14 Ammonium formate-catalysed transfer hydrogenolysis  of 
polychlorinated biphenyls 
 
Other hydrogen-transfer hydrodechlorinations can be achieved by using 2-
propanol as the hydride donor. Chlorinated aromatic compounds such as 
chlorobenzene, 1,2,4-trichlorobenzene, p-chlorotoluene and 4-chlorobiphenyl are 
treated with 2-propanol and catalysts such as Rh/C, Pd/C, and Rh-Pt/C at ambient 
temperature and pressure. Conversions of up to 100% can be achieved when the 
hydrodechlorinations are performed using bases such as NaOH and KOH. Such 
bases promote the dehydrogenation of 2-propanol with noble metal catalysts. 
Other bases such as Na2CO3, Ca(OH)2 and (C2H5)3N prove to be ineffective in 
achieving complete dechlorination. 2-Propanol has been shown to be the best 
alcohol compared to primary alcohols such as 1-propanol and ethanol since the α-
hydrogen is less likely to react as a hydride species because of the smaller 
electron-releasing inductive effect. 
 
1.11.3 Miscellaneous methods 
 
Several other methods exist in open and patented literature for the biodegradable 
reduction of chlorinated phenols. One such method52 makes use of an anaerobic 
digester.  In this process, chlorine substituents are removed from the aromatic ring 
by reductive dechlorination of 2-chlorophenol. Chlorine atoms are replaced by 
hydrogen, resulting in less toxic compounds. This method is suitable for the low to 
highly substituted chlorinated phenolic compounds.  Mineralization of chorophenol 
in methanogenic environments occurs with the reductive dechlorination to phenol, 
and end in the formation of methane and carbon dioxide. Various factors play a 
role during degradation, such as the characteristics of the parent compound, the 
microbial population, and the environmental factors. 
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Various other processes53-56 exists whereby mono- and di-chlorinated phenols are 
successfully degraded. In one such system,53 sludge acclimated to mono-
chlorinated phenols such as 2-CP and 4-CP could easily degrade other mono- and 
dichlorinated phenols.  Another system employs an anaerobic up-flow reactor but 
only partially mineralize mono-chlorinated phenols (up to 40%). Synthetic waste 
water containing pentachlorophenol can successfully be mineralized to below 
detection levels by a mixture of 2-, 3- and 4-CP acclimated sludge in a 
continuously fluidized bed reactor. 
 
1.11.4 Catalytic hydrodechlorination of chlorinated phenols 
 
Various catalytic methods are documented for the hydrodechlorination of 
chlorinated phenols.57-66 These include gas phase and liquid phase 
hydrodehalogenation. These are discussed below: 
 
1.11.4.1 Gas-phase hydrodechlorination 
 
Chlorinated phenols such as mono-, di-, tri-, and pentachlorophenol can 
successfully be hydrotreated by employing nickel loaded on silica and zeolite Y in 
the gas phase at elevated temperatures.57 Typical nickel loadings are 1.5% for 
silica and 2.2% for zeolite Y. The temperature ranges from 473 K – 573 K. Overall 
detoxification efficiency can be obtained by increasing the nickel content, whilst 
employing a zeolite support leads to increased product selectivity depending on 
the substrate used.  
 
For instance, the hydrodechlorination of 2,3,5-TCP (3) occurs via irreversible, 
simultaneous and consecutive steps (Scheme 1.15). The typical reaction products 
are 2,3-DCP (53), 2-CP (4) and phenol (33).  When the Ni/SiO2-A [A: 1.5 (w/w)% 
Ni] and Ni/SiO2-B [B: 15.2 (w/w)% Ni] catalysts were compared during the 
hydrodechlorination of 2,6-DCP and 2,4,5-TCP, the Ni/SiO2-B catalyst depicted 
higher chlorine removal rates (i.e. 10.5x10-3 and 8.8x10-3 mol/h compared to 
3.5x10-3 and 2,6-x10-3 mol/h for Ni/SiO2-A) when hydrodechlorinating 2,6-DCP and 
2,4,5-TCP respectively. The operating temperature is in the region of 573K. The 
Ni/SiO2-B catalyst was also selective towards phenol formation with more 
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complete dechlorination being achieved at a higher Ni loading. In the case of 
Ni/Na-Y, the hydrodechlorination of 2,6-DCP gave rise to 2-CP at a yield of 98%. 
On the other hand, the hydrodechlorination of 2,4,5-TCP yielded 2-CP (3% yield) 
and 2,5-DCP (97% yield). 
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Scheme 1.15 Hydrodechlorination of 2,3,5-TCP57 
 
It is evident that hydrodechlorination proceeds via the selective removal of chlorine 
with no detectable ring hydrogenation or deoxygenating products. Chlorine 
removal takes place via the stepwise irreversible removal of chlorine, which also 
depends on steric effects. Furthermore, an increase in the reaction temperature 
from 473K to 573K leads to increased chlorine removal rates and selectivity. 
However, when the catalyst is exposed at prolonged times to a concentrated gas 
stream, irreversible catalyst deactivation takes place. On the other hand, an 
increase in the nickel content of the catalyst also leads to increased chlorine 
removal efficiency. 
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1.11.4.2 Liquid-phase hydrodechlorination  
 
Most halogenated compounds, including aromatic59-71 and aliphatic72,73,74 
compounds can be hydrodechlorinated in the liquid-phase using a variety of 
reducing agents and catalyst combinations. These dehalogenations are usually 
carried out in the presence of a solvent using a variety of catalysts. Varying the 
reaction conditions give rise to a variety of reaction products depending on the 
substrate used.59 For example, 3,4-DCP is hydrodechlorinated in 6g/L HCl with 5% 
Pd/C and 16 bar(g) H2 to yield 100% 3-CP. On the other hand, when employing 
HBr as solvent in the same concentration as HCl, the only product is 4-CP. The 
role of [H+] is that it enables the inversion of the selective attack of either the 2- or 
4- position of 3,4-DCP. The second parameter is the presence of the same 
concentration of chloride or bromide ions, which considerably strengthens the 
attack on position 2 or 4. During the hydrodechlorination of pentachlorophenol at 
463K and 10 bar(g) H2 with Lewis acids such as AlCl3, AlBr3 or AlI3, 3,5-DCP is the 
predominant product with yields of 99% depending on the mole ratio of Lewis acid 
to pentachlorophenol.  
 
The mechanism of the above hydrodechlorinations can be explained by 
nucleophilic substitution. The protonation of the oxygen atom reverses the 
orientation of the electronic effects of the molecule. The weak acidity of chlorinated 
phenols requires a high protonation strength which in this case is achieved in very 
concentrated aqueous acidic media or in anhydrous organic media with added 
HCl, HBr, or HI, or with Lewis acids like AlCl3, SnCl2 or ZnI2. When low 
concentrations of [H+] are used, hydrodechlorination takes place on all positions. 
This is usually overcome by using ions such as Cl-, Br-, I-, Sn2+, Tl2+, Bi2+ which 
results in selective hydrodechlorination due to their strong adsorption onto the 
catalyst surface. 
 
In other approaches,64,65 chlorophenols can be successfully hydrodechlorinated 
with dihydrogen at temperatures from 1000C-3500C at 20-25atm. The catalyst 
contains sulfides or polysulphides of Fe, Co, or Ni supported on either BaSO4, 
Ca3(PO4)2 or activated carbon, or a noble metal such as Pd/Pt/Ru/Os/Ir in an oxide 
or sulphide form together with a transition metal sulphide on the pre-mentioned 
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support. These transition metal salts are usually precipitated on the support 
material by the reaction of water-soluble metal salts with hydrogen sulphide or 
water-soluble sulphides of Na or K. The advantage of using these types of 
catalysts is that they maintain their activity over prolonged periods. Typically, 2,5-
DCP can successfully be hydrodechlorinated to produce 99.4% and 0.6% 3-CP 
and phenol, respectively. 
 
Other reducing agents that can be employed during the hydrodechlorination of 
chlorinated phenols besides hydrogen gas include hydrazine, hydrazine hydrate, 
hydrazine salts and borohydrides in the presence of a basic proton acceptor and a 
catalyst.60 Phenol usually forms the predominant product during 
hydrodechlorination. In most cases, the use of these reducing agents is limited 
because of the cost associated with their application. 
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CHAPTER 2 
EXPERIMENTAL 
 
2.1 MATERIALS 
 
2.1.1 Reagents for synthesis 
 
All materials used in the hydrodechlorination procedures, with their sources and 
respective grades, are listed in Tables 2.1 and 2.2, and were used as received. 
 
Table 2.1 Organic reagents for synthesis 
Chemical name FORMULA Source Grade 
Ammonium formate HCOONH4 Aldrich AR 
2-Chlorophenol ClC6H4OH Aldrich AR 
4-Chlorophenol ClC6H4OH Aldrich AR 
2,4-Dichlorophenol Cl2C6H3OH Aldrich AR 
2,6-Dichlorophenol Cl2C6H3OH Aldrich AR 
Methanol CH3OH Aldrich AR 
Nitrobenzene C6H5NO2 Aldrich/Merck GC 
Phenol C6H5OH Saarchem AR 
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Table 2.1 Continued 
Chemical name Formula Source GRADE 
4-tert-Butyltoluene 4-(CH3)3CC6H4CH3 Aldrich AR 
2,4,6-Trichlorophenol Cl3C6H2OH Aldrich AR 
Diethyl ether (C2H5)2O Saarchem AR 
Acetonitrile CH3CN BDH HPLC 
Acetic acid (98%) CH3COOH Saarchem AR 
 
 
Table 2.2 Inorganic reagents for synthesis 
Chemical name FORMULA Source Grade 
Ammonium 
hydroxide NH4OH Saarchem AR 
Dihydrogen H2 Air Products SA High Purity 
Palladium acetate Pd(OAc)2 Aldrich AR 
Palladium 
chloride PdCl2 Aldrich AR 
5% Palladium on 
 alumina 5% Pd/Al2O3 Aldrich AR 
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Table 2.2 Continued 
CHEMICAL 
NAME Formula Source Grade 
5% Palladium on 
carbon 5% Pd/C Aldrich AR 
10% Palladium 
on carbon 10% Pd/C Aldrich AR 
Sodium acetate NaOAc Saarchem AR 
Sodium hydroxide NaOH Saarchem AR 
Sodium dithionite Na2S2O4 M&B CP 
Hydrochloric acid 
(37%) HCl Carlo Erba CP 
 
2.1.2 Reagents for analysis 
 
The reagents used as standards for gas liquid chromatography (GLC) are listed in 
Table 2.3. All standard materials were used as received. Methanol (AR Grade), 
used as solvent for GLC analysis, was obtained from Aldrich and used as 
received. 
 
Table 2.3 Reagents for GLC standards 
CHEMICAL NAME Formula SOURCE Grade 
2-Chlorophenol ClC6H4OH Aldrich AR 
4-Chlorophenol ClC6H4OH Aldrich AR 
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Table 2.3 Continued 
CHEMICAL NAME Formula SOURCE Grade 
2,4-Dichlorophenol Cl2C6H3OH Aldrich AR 
2,6-Dichlorophenol Cl2C6H3OH Aldrich AR 
Nitrobenzene C6H5NO2 Aldrich/Merck GC 
Phenol C6H5OH Saarchem AR 
4-tert-Butyltoluene 4-(CH3)3CC6H4CH3 Aldrich AR 
2,4,6-Trichlorophenol Cl3C6H2OH Aldrich AR 
 
2.2 EXPERIMENTAL PROCEDURES 
 
2.2.1 Hydrodechlorination using ammonium formate as reductant 
 
Individual catalysts (PdCl2, Pd(OAc)2, 5% Pd/C, 5% Pd/Al2O3 or 10% Pd/C) 
ranging from 0.02 - 0.05 g, ammonium formate (25 mmol), and internal standard 
(4-tert-butyltoluene) (2 – 5 mmol) were weighed into a three-necked 100 mL 
round-bottomed flask. The appropriate amount of solvent [methanol (15 mL) and 
de-ionized water (2 mL)] was then added. The compounds were weighed directly 
in an inert nitrogen atmosphere. The reaction vessel was fitted with a condenser 
and immersed in an oil bath at the appropriate temperature (25 – 600C). The 
reaction mixture was stirred for 5 minutes to allow complete dissolution of all solids 
and the equilibration of the reaction mixture temperature, before the required 
amount of substrate (5 mmol) was introduced. Timing was started immediately 
upon the addition of substrate. 
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Sample aliquots (0.2 mL for GLC analysis) were removed from the reaction vessel 
and treated as follows. Prior to the removal of sample aliquots, stirring of the 
reaction mixture was stopped, and the catalyst allowed to settle.  The appropriate 
amount of sample aliquot was diluted with methanol (2 mL) prior to GLC analysis. 
 
2.2.2 Hydrodechlorination Using Hydrogen As Reductant 
 
Substrate (5 mmol) and the catalyst component were weighed into a three-necked 
round-bottomed flask. Methanol (15 mL) and de-ionized water (5 mL) were added 
with a burette. The appropriate amount of base (0.05 – 0.4 mL) was then added in 
cases where a base was utilized to neutralize the acid formed during the reaction. 
The flask was then fitted with a reflux condenser connected to a cold-water tap. 
The reaction was immersed in an oil bath and stirred at ~1000 rpm at the 
appropriate temperature (25 – 800C). Hydrogen was introduced via a pipette 
connected to a quick fit adapter at a flow rate of 30 mL/min. Timing of the reaction 
commenced from the point of hydrogen introduction. 
 
Sample aliquots (0.2 mL) were taken at regular intervals and quenched with 2 mL 
of a methanolic internal standard solution (1.6 mmol 4-tert-butyltoluene dissolved 
in 25 mL methanol) that had been cooled in an ice bath. The samples were then 
analyzed by means of GLC.  
 
2.3 ANALYTICAL TECHNIQUES 
 
2.3.1 Gas-Liquid-Chromatography (GLC) for hydrodechlorinations 
 
GLC analysis was performed on a Varian Gas Chromatograph equipped with a 
personal computer for the recording and integration of chromatograms. A 30 m 
Alpha-Dex-120 column with an internal diameter of 0.25 mm and a film thickness 
of 0.25 m was used for analysis. A flame ionization detector was used with air, 
hydrogen and nitrogen in the split mode at a split ratio of 1:75. The injection 
volume was 1L. The injector and detector temperatures were 2800C and 3000C, 
  
 
 
57
respectively. For the analysis using ammonium formate and hydrogen as 
reductants, the following GC programs were used: 
 
Table 2.4 GLC parameters 
Reductant Ammonium formate Hydrogen 
GC Varian 3400 Varian 3800 
Software Delta Chromatography Varian Star 
Internal standard 4-tert-Butyltoluene Nitrobenzene 
Column Alpha-Dex-120 Alpha-Dex-120 
Column initial temp. 
(0C) 50 50 
Initial hold (min.) 0 0 
Heating rate (0C/min.) 20 20 
Column final temp. 
(0C) 190 190 
Final hold time (min.) 14 14 
 
The internal standard method was employed for all quantitative work and either 4-
tert-butyltoluene or nitrobenzene was employed as internal standard. Response 
factors for the compounds of interest were determined by means of calibration 
injections (x3) with known masses of standards and internal standards prior to 
each set of analyses. 
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2.3.2 GLC-Mass Spectrometry (GLC-MS) for hydrodechlorinations 
 
GLC-MS was performed on a Hewlett Packard 5890 Series II Gas Chromatograph 
coupled to a 5972 series mass selective detector. A 30 m x 0.2 mm i.d. HP5MS 
column was utilized with helium as the carrier gas. The carrier gas flow rate was 
1.83 mL/min at a column head pressure of 1.15 kg/mL. Data were recorded by 
means of a HP 486 computer equipped with HP Version C03.00 software. The 
split/splitless injector was operated in the split mode using a split ratio of 1:100, 
and an injection volume of 1L.  
 
The analysis conditions were as follows: 
Initial oven temperature  : 60oC 
Initial oven temperature hold time : 5 minutes 
Oven temperature program rate : 15oC/minute 
Final oven temperature  : 200oC 
Final oven temperature hold time : 10 minutes 
Injector temperature  : 280oC 
Detector temperature  : 300oC 
Detector delay time   : 2 minutes 
 
2.3.3 pH Measurements 
 
pH Measurements were performed on a Metrohm 625 pH meter using a pH glass 
electrode. Samples were removed from the reaction mixture, filtered free from 
catalyst, and the pH recorded at room temperature. 
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CHAPTER 3 
HYDRIDE-TRANSFER HYDROGENOLYSIS 
 
3.1 INTRODUCTION 
 
Hydrogen-transfer hydrodehalogenation finds wide application in the 
dehalogenation of aromatic halides. Such methods of treatment are milder 
(occurring under room temperature and atmospheric pressure) than conventional 
hydrotreating techniques. In particular, the technique can prove to be valuable in 
the treatment of industrial effluent streams containing chlorinated compounds, 
such as chlorophenolic compounds, and where such compounds are present in 
solution at low concentrations. In such cases, the use of hydrogen-transfer 
hydrodehalogenation agents such as ammonium formate can simplify the 
dechlorination process since the need of utilizing expensive and harmful solvents 
are effectively circumvented. Hydrogen donor compounds that can be utilized for 
hydrogen-transfer dehalogenation include formates such as formic acid and alkali-
formates,47,50 alcohols such as 2-propanol46,49 and sodium hypophosphite.48,51 
 
The catalytic activity of supported palladium-catalyzed reactions in 
hydrodehalogenation reactions is derived from hydride species located on the 
surface of the supported metal species. The activity depends on the presence of 
Pd in the reduced state in order to form the active hydride species. In addition, the 
catalytic activity of supported noble metal catalysts such as Pd/C and Pd/Al2O3 is 
influenced by the presence of such surface species in the form of oxides. Pd/C 
showed a significant increase in activity during the dechlorination of 4-
chlorotoluene when pre-treated with ammonium formate.50 The pre-treatment of 
the catalysts with ammonium formate leads to the in-situ reduction of the metal-
oxide species thus exposing a reduced catalyst surface. During such reactions, the 
ammonium formate species dissociates into the respective anion (HCOO-) and 
cation (NH4+), followed by oxidation of the formate ion into CO2 after adsorption of 
the formate anion onto the metal surface. The ammonium ion is liberated as 
ammonia. 
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Rajagopal and Spatola50 proposed three possible reaction pathways for the 
hydrogenolysis of aromatic halides when using formate hydrogen donors. These 
are: 
1. The decomposition of the formate ion takes place prior to the 
hydrogenolysis reaction; 
2. The decomposition reaction takes place in parallel to the hydrogenolysis 
reaction; and 
3. The formyl hydrogen is adsorbed onto the catalyst’s surface as the first 
step.  
 
The objective of this part of the investigation was to study the effect of different 
supported and unsupported palladium catalysts, during the hydride transfer 
hydrogenolysis of 2,6-dichlorophenol and 2,4,6-trichlorophenol, using ammonium 
formate as hydride source. The catalysts used were tested for their activity and 
selectivity towards hydrodechlorination products. 
 
3.2 EXPERIMENTAL 
 
2,6-Dichlorophenol (2,6-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP) were used as 
model compounds for hydrodechlorination using different catalysts viz. PdCl2, 
Pd(OAc)2, 5% Pd/Al2O3, 5% Pd/C and 10% Pd/C. These hydrodechlorinations 
were carried out in a 100 cm3 round-bottomed flask (see Figure 3.1) using a total 
amount of 0.8250 g (5.000 mmol) 2,6-DCP or 0.9873 g (5.000 mmol) 2,4,6-TCP by 
reaction with 25.00 mmol ammonium formate (HCOONH4) as dechlorinating 
agent. Reactions were allowed to proceed for the desired reaction time, after 
which it was terminated by quenching the sample in an ice bath. The samples 
were prepared by   and analysed on a gas-liquid chromatograph (Varian 3400, 
using FID and an Alpha-Dex-120 column). A visual impression of the progress of 
the reaction was obtained by making use of a product distribution diagram, which 
depicts the change in reaction composition with time.  
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Condensor H2O (out) 
Stopper 
(sampling) 
H2O (in) 
2-necked round-
bottomed flask 
Hotplate/stirrer 
Magnetic 
stirrer bar 
 
Figure  3.1 Schematic diagram of hydrodechlorination equipment 
 
The following terms were also employed for the discussion of the results: 
 
The conversion can be expressed as the total amount of substrate initially charged 
that has been consumed, as a percentage: 
 
substrateofmolesinitial
consumedsubstrateofmolesConversion 100
 
The yield of products is defined as the amount of product divided by the amount of 
substrate charged, as a percentage: 
100x
substrateofmolesinitial
productofmolesYield   
 
The selectivity is defined as moles of product formed to that of substrate 
consumed, as a percentage: 
100x
consumedsubstrateofmoles
productofmolesySelectivit   
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3.3 RESULTS AND DISCUSSION 
 
The catalytic activity of various supported and unsupported palladium catalysts 
supplied as per vendor was evaluated for the hydride transfer hydrogenolysis of 2, 
6-dichlorophenol and 2,4,6-trichlorophenol at 60°C. The catalyst activity was 
performed at 60°C, below the boiling point of methanol. The catalyst mass was 
limited to 0.02 - 0.05 g for a variation in the concentration of catalyst. 
 
3.3.1 Hydrodechlorination of 2,6-dichlorophenol 
 
The progress of the hydrodechlorination of 2,6-dichlorophenol in the presence of 
various catalyst systems is depicted in Figures 3.2, 3.4, 3.7 and 3.8. The catalytic 
liquid-phase hydrodechlorination of 2,6-DCP, using ammonium formate as the 
hydrodechlorinating agent, gives rise to a mixture of phenol and 2-chlorophenol. 
The presence of the observed dechlorinated products is in agreement with findings 
in the literature although others have reported the presence of cyclohexanone and 
cyclohexanol during treatment of 4-CP and pentachlorophenol with ammonium 
formate and Pd/Al2O3.75 
 
An increase in the catalytic activity was observed during the hydrodechlorination of 
2,6-dichlorophenol in the order Pd(OAc)2 > PdCl2 > 5% Pd/C > 10% Pd/C. The 
findings of these investigations are listed in Tables 3.1 and 3.2 with typical product 
distribution diagrams for the hydrodechlorination of 2,6-dichlorophenol with 
Pd(OAc)2 and PdCl2 depicted in Figures 3.2 - 3.3, respectively. 
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Figure 3.2 Hydrodechlorination of 2,6-DCP with HCOONH4 and Pd(OAc)2 
Reaction conditions: Pd(OAc)2 (0.0203 g; 0.09040 mmol), 2,6-
DCP (0.8124 g; 4.984 mmol), 4-tert-butyltoluene (0.4455 g; 3.005 
mmol), HCOONH4 (1.6049 g; 25.45 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (180 min) 
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Figure 3.3 Hydrodechlorination of 2,6-DCP with HCOONH4 and PdCl2 
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Reaction conditions: 2,6-DCP (0.8097 g; 4.967 mmol), 4-tert-
butyltoluene (0.3093 g; 2.086 mmol), PdCl2 (0.02040 g; 0.1150 
mmol), HCOONH4 (1.5832 g; 25.11 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (180 min) 
 
Table 3.1 Comparison of unsupported PdCl2 and Pd(OAc)2 catalyst during 
hydrodechlorination of 2,6-dichlorophenol  
Selectivity (%) 
Exp. 
no. 
Catalyst 
Conv. 
(%) 
2-CPb PHENOL 
Rate c 
(mmol.s-1 x10-4) 
Ratio 
(phenol/ 2-CP) 
3.1 Pd(OAc)2a 28.9 58.0 42.0 1.41 0.72 
3.2 Pd(OAc)2 32.5 44.9 55.1 3.17 1.23 
3.3 PdCl2 45.2 40.0 60.0 3.73 1.50 
3.4 PdCl2 76.8 28.4 71.6 7.47 2.52 
a Palladium acetate 
b 2-chlorophenol (C6H4ClOH) 
c rate based on formation of phenol (calculated as at 60 minutes) 
 
Summary of experimental conditions for experiments 3.1- 3.4: 
 
Reaction 3.1: 2,6-DCP (0.8124 g; 4.984 mmol), HCOONH4 (1.605 g; 25.45 
mmol), Pd(OAc)2 (0.0203 g; 0.09040 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.2: 2,6-DCP (0.8188 g; 5.023 mmol), HCOONH4 (1.605 g; 25.45 
mmol), Pd(OAc)2 (0.0510 g; 0.2271 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
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Reaction 3.3: 2,6-DCP (0.8097 g; 4.967 mmol), HCOONH4 (1.583 g; 25.11 
mmol), PdCl2 (0.0204 g; 0.1150 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.4: 2,6-DCP (0.8205 g; 5.034 mmol), HCOONH4 (1.589 g; 25.20 
mmol), PdCl2 (0.0505 g; 0.2848 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Table 3.2 Effect of different supported catalyst systems on the 
ammoniumformate hydrodechlorination of 2,6-DCP  
Selectivity (%) 
Exp. 
no. Catalyst 
Conv. 
(%) 
2-CPa PHENOL 
 
 
Rateb 
(mmol.s-1 x 10-4 )  
 
 
Ratio 
 (phenol/ 2-CP) 
3.5 5% Pd/Al2O3 70.3 30.9 69.1 5.08 2.23 
3.6 5% Pd/C 100 0 100 >10.0 >3 
3.7 10% Pd/C 100 0 100 
 
>10.0 
 
>3 
3.8c 10% Pd/C 0 0 0 0 0 
a 2-chlorophenol (C6H4ClOH) 
b rate based on formation of phenol (calculated as at 60 minutes) 
c no reaction took place in the absence of no H2O (see reaction 4.8) 
  
Summary of experimental conditions for experiments 3.5- 3.8: 
 
Reaction 3.5: 2,6-DCP (0.8187 g; 5.023 mmol), HCOONH4 (1.598 g; 25.34 
mmol), 5% Pd/Al2O3 (0.0502 g; 0.02350 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
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Reaction 3.6: 2,6-DCP (0.8115 g; 4.979 mmol), HCOONH4 (1.598 g; 25.34 
mmol), 5% Pd/C (0.0510 g; 0.02390 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.7: 2,6-DCP (0.8135 g; 4.991 mmol), HCOONH4 (1.585 g; 25.13 
mmol), 10% Pd/C (0.0500 g; 0.04698 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.8c: 2,6-DCP (0.8010 g; 4.914 mmol), HCOONH4 (1.591 g; 25.22 
mmol), 10% Pd/C (0.0506 g; 0.04755 mmol), MeOH (15.00 
cm3), H2O (0.00 cm3), temperature (600C), time (60 min) 
  
Both PdCl2 and Pd(OAc)2 showed a high rate of conversion activity during the first 
30 minutes of the reaction after which the conversion remained steady for the rest 
of the reaction. A significant increase in the conversion rates was also observed 
when PdCl2 was used as catalyst compared to Pd(OAc)2. The conversion of 2,6-
dichlorophenol increased from 28.9% to 32.5% for Pd(OAc)2 compared to 45.2% 
to 76.8% for PdCl2 when increasing the catalyst mass from 0.02g to 0.05g. The 
rate of phenol formation for the PdCl2 catalyst system is increased by a factor of 2 
as compared to the Pd(OAc)2 system when using either 0.02g or 0.05g of catalyst. 
Figure 3.4 and 3.5 compare the rates of hydrodechlorination of 2,6-dichlorophenol 
in the presence of the two catalysts under identical conditions, while Figure 3.6 
compares the selectivity to phenol as a function of time.  
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Figure 3.4 Comparison of Pd(OAc)2 and PdCl2 catalysts: 2,6-DCP rate 
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Figure 3.5 Comparison of PdCl2 and Pd(OAc)2 catalysts: 2,6-DCP rate 
data 
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Figure 3.6 Comparison of PdCl2 and Pd(OAc)2 catalysts: 2,6-DCP 
selectivity data 
 
Table 3.3 Physical properties of supported and unsupported76 catalysts  
 
Chemical 
name 
 
Appearance 
 
Mass 
 
% 
Pd 
 
Melting 
point (°C) 
 
Solubility in 
water 
 
Solubility in other 
solvents 
 
Palladium(II) 
chloride 
 
rust colour 
powder 
 
177.33 
 
60 
 
679 
(decomp.) 
 
soluble 
 
soluble in hydrochloric 
acid, alcohol, acetone 
 
Palladium(II) 
acetate 
 
reddish-brown 
crystals 
 
224.51 
 
47.4 
 
205 
(decomp.) 
 
insoluble 
 
soluble in hydrochloric 
acid or potassium iodide 
solution 
5% Pd/C 10% Pd/C 5% Pd/Al2O3 
Surface 
area 
(m2/g) 
Particle  
size 
(μm) 
Surface 
area 
(m2/g) 
Particle 
size 
(μm) 
Surface 
area 
(m2/g) 
Particle  
size 
(μm) 
900-1000 44 (100%) 900-1000 
<5 (10%) 
 
<60 (90%) 
<44 (50%) 
 
44-74 (20%) 
 
74-149 (20%) 
 
>149 (10%) 
90 (100%) 
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A probable explanation for the increase in the conversion rate and selectivity for 
the PdCl2 catalyst compared to that of Pd(OAc)2, at constant catalyst mass, could 
be due to the fact the PdCl2 is soluble in water and alcohol whereas Pd(OAc)2 is 
non-water soluble (See Table 3.3). This makes the dissolution of Pd+2 easier, thus 
causing it to react more efficiently with the formate ion.                                                                   
 
A possible mechanism involves the dissolution of PdCl2 to form Pd+2 ions and Cl- 
ions. The solubility in water brings the Pd+2 species in close contact with the water- 
soluble formate ion (HCOO-). Since PdCl2 is also a weak oxidising agent, it is 
readily reduced in solution by hydrogen (or carbon monoxide) to form metallic 
palladium. According to Scheme 3.1, dissolution of ammonium formate occurs in 
solution. It is followed by the adsorption of the formate ion onto the active Pd(0) 
surface with decomposition into carbon dioxide and the formation of the active 
PdH- species. The active species reacts with the chlorinated compound (i.e. 2,6-
dichlorophenol) to form dechlorinated products, which then further react to finally 
form phenol. 
 
It was also noted that no reaction using 10% Pd/C occurred in the absence of 
water (See Table 3.2) and that ammonium formate was insoluble in methanol. 
Ammonium formate is soluble in water, thus without the presence of any water, no 
reaction will occur due to no available formate ion for the decomposition process to 
form the active hydride species with palladium. As a result, preliminary 
experiments also indicated that 0.111 moles water would be sufficient in order to 
facilitate the dissolution of ammonium formate (ca. 6.5M).  
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HCOONH4 HCOO
- + NH4
+
Pd(HCOO-)adPd
0 + HCOO-
K2
K1
Pd(HCOO-)ad PdH
- + CO2
slow
k
PdH- + Cl2C6H3OH
fast
PdH-(Cl2C6H3OH)ad
PdH-(Cl2C6H3OH)ad
fast
Pd0 + ClC6H4OH + Cl
-
PdH- + ClC6H4OH PdH
-(ClC6H4OH)ad
PdH-(ClC6H4OH)ad
fast
fast
Pd0 + C6H4OH + Cl
-
 
Scheme 3.1 Pathway for HCOONH4 decomposition using Pd(0)46 
 
It was observed that the PdCl2 catalyst showed a higher selectivity towards phenol 
compared to Pd(OAc)2. The results (Table 3.1) showed that after 60 minutes of 
reaction time, the selectivity towards phenol was around 60% (using PdCl2) 
compared to around 42% for Pd(OAc)2 when using 0.02g catalyst. Similarly, the 
selectivity for phenol was around 70% compared to 55%, respectively, when 0.05g 
catalyst was employed. To illustrate the higher selectivities for phenol formation for 
the PdCl2 system, the ratio of phenol to 2-chlorophenol was determined as 
illustrated in Table 3.1. The comparison of the ratio is doubled compared to that of 
the Pd(OAc)2 system. The Pd(OAc)2 catalyst therefore showed both low activity 
and low selectivity towards phenol formation with higher selectivity towards  2-
chlorophenol formation.  
 
Experiments were performed under the same catalytic reaction conditions using 
0.05g supported Pd catalysts. These were evaluated for 2,6-dichlorophenol 
hydrodechlorination. The typical results obtained for 5% Pd/Al2O3, 5% Pd/C and 
10% Pd/C are listed in Table 3.2 below. The 2,6-dichlorophenol conversions over 
5% Pd/Al2O3, 5% Pd/C and 10% Pd/C were all above 70% after 60 minutes, 
compared to Pd(OAc)2 (at 32.5% conversion) for the same amount of catalyst 
(0.05g) but at a higher active metal content (10% more). In contrast, the Pd/Al2O3 
displayed a lower conversion than the PdCl2 catalyst (0.05g) at 70.3% conversion 
compared to 76.8%.  It is clear that the three supported noble metal catalysts are 
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more active than the unsupported noble metal catalyst at these reaction 
conditions. This difference can be ascribed to the improved metal dispersion of 
supported metals compared to that of unsupported metal salts. Unsupported metal 
species provide less surface area of active metal partaking in hydrodechlorination. 
Supported metals on the other hand provide a larger surface area of active metal 
per unit area, which thus provides better hydrodechlorination capabilities.  
 
Also included in Table 3.2 are the selectivity data towards 2-chlorophenol and 
phenol for the supported noble metal catalysts as calculated at 60 minutes. It is 
clear that the activity and selectivity of the catalyst prepared by supporting Pd on 
carbon is much higher than that of Pd supported on alumina. The most obvious 
reason for the higher activity displayed by the 10% Pd/C catalyst compared to the 
5%- Pd/C and Pd/Al2O3 can be attributed to the higher load of active palladium 
metal per unit surface area. Pozan and Boz77 reported the influence of Pd loading 
and catalyst particle size on the hydrodechlorination rate of 2,4-dichlorophenol with 
supported palladium catalysts. They found that as the Pd loading decreased from 
0.97% to 0.80%, the crystallite size decreased. This resulted in the decrease of 
hydrodechlorination activity of the catalyst. The difference of activity between the 
5% Pd/C and 5% Pd/Al2O3 could be ascribed to the difference in metal dispersion 
which is related to the stronger metal-support interaction of the Pd/Al2O3 catalyst. 
Another explanation is the smaller particle size, which provides a larger surface 
area of the 5% Pd/C catalyst compared to the 5% Pd/Al2O3 catalyst (see Table 
3.3). A larger surface area usually provides a better adsorption of chlorophenolic 
species on the Pd/C catalyst surface. The surface areas of the Pd/C and Pd/Al2O3 
catalysts were determined to be 900-1000 m2/g and 90 m2/g respectively. The 
selectivity towards phenol was the highest (100%) for the Pd/C supported catalyst 
at both 0.02g and 0.05g catalyst weight. The Pd/Al2O3 catalyst also showed a high 
selectivity towards phenol production (ca. 70%) with a low selectivity towards 2-
chlorophenol (ca. 31%).  
 
The use of the mixed methanolic/water phase hydrodechlorination system with 
supported palladium-based catalysts proved to be very efficient for the selective 
hydrodechlorination of 2,6-dichlorophenol, increasing both the rate of the reaction 
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and the selectivity to the formation of phenol as the only product. Table 3.2 clearly 
illustrates the effect of the supported palladium-based catalyst system on the rate 
of hydrodechlorination, while the effect of the catalysts on the reaction selectivity 
has been demonstrated in the preceding discussions. The comparison in Table 3.2 
highlights the fact that the rate of 2,6-dichlorophenol hydrodechlorination on 
supported palladium-based catalysts is increased by a factor of more than double 
that of unsupported palladium-based catalysts. The ratio of phenol to 2-
chlorophenol was calculated for the hydrodechlorination of 2,6-dichlorophenol to 
give an indication of the improvement in catalyst selectivity with respect to the 
formation of phenol. The results are shown in Tables 3.1 and 3.2. From the above-
mentioned results, it is clear that the selectivity towards phenol is improved vastly 
when supported palladium catalysts (especially Pd/C) are utilised, although the 
Pd/Al2O3 catalyst displayed ratios similar to that of the unsupported palladium 
chloride catalyst.  
 
3.3.2 Hydrodechlorination of 2,4,6-trichlorophenol 
 
The same catalyst systems tested in the preceding section (§ 3.3.1) were 
screened for the hydrodechlorination of 2,4,6-trichlorophenol. These experiments 
were performed under the experimental conditions given below Table 3.4 and 
Table 3.5, using the procedure described in § 2.2.1. The results are also 
graphically illustrated in Figures 3.7 and 3.8 for the PdCl2 and Pd(OAc)2 systems. 
Tables 3.4 and 3.5 show the results obtained. 
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Table 3.4  Effect of unsupported catalyst systems on the 
hydrodechlorination of 2,4,6-TCP with ammonium formate 
 
Selectivity (%) 
Exp. 
no. Catalyst 
Conv. 
(%) 
2-CP PHENOL 2,4-DCP 2,6-DCP 4-CP 
R
at
ea
 
(m
m
ol
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-1
 x
10
-4
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3.9 Pd(OAc)2 12.2 10.7 23.3 44.0 22.0 0 0.388 0.304 
3.10 Pd(OAc)2 22.3 8.3 24.2 56.8 10.7 0 0.731 0.320 
3.11 PdCl2 50.5 10.9 48.1 34.9 6.1 0 3.37 0.928 
3.12 PdCl2 57.0 10.7 56.5 27.2 5.7 0 3.81 1.30 
a rate based on formation of phenol (calculated as at 60 minutes) 
b ratio based on rate of phenol to other chlorophenols 
 
Summary of experimental conditions for experiments 3.9- 3.12: 
 
Reaction 3.9: 2,4,6-TCP (1.006 g; 5.096 mmol), HCOONH4 (1.581 g; 25.08 
mmol), Pd(OAc)2 (0.0203 g; 0.09040 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.10: 2,4,6-TCP (0.9977 g; 5.053 mmol), HCOONH4 (1.596 g; 25.31 
mmol), Pd(OAc)2 (0.0511 g; 0.2276 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.11: 2,4,6-TCP (0.9853 g; 4.990 mmol), HCOONH4 (1.589 g; 25.20 
mmol), PdCl2 (0.0203 g; 0.1144 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (60 min) 
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Reaction 3.12: 2,4,6-TCP (0.9901 g; 5.014 mmol), HCOONH4 (1.602 g; 25.40 
mmol), PdCl2 (0.0506 g; 0.2853 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Table 3.5 Effect of supported catalyst systems on the 
hydrodechlorination of 2,4,6-TCP with ammonium formate 
a rate based on formation of phenol (calculated at 60 minutes) 
b ratio based on rate of phenol to other chlorophenols 
Summary of experimental conditions for experiments 3.13- 3.15: 
 
Reaction 3.13: 2,4,6-TCP (0.9920 g; 5.024 mmol), HCOONH4 (1.582 g; 25.09 
mmol), 5%Pd/Al2O3 (0.0500 g; 0.09040 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.14: 2,4,6-TCP (0.9847 g; 4.987 mmol), HCOONH4 (1.616 g; 25.62 
mmol), 5%Pd/C (0.0500 g; 0.09040 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
Reaction 3.15: 2,4,6-TCP (1.0034 g; 5.082 mmol), HCOONH4 (1.578 g; 25.02 
mmol), 10%Pd/C (0.0503 g; 0.04727 mmol), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (600C), time (60 min) 
 
 
Selectivity (%) 
Exp. 
no. Catalyst 
Conv. 
(%) 
2-CP PHENOL 2,4-DCP 2,6-DCP 4-CP 
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3.13 5% Pd/Al2O3 
22.7 6.7 39.0 39.0 15.4 0 1.11 0.638 
3.14 5% Pd/C 84.8 14.7 50.6 30.0 3.3 1.5 5.65 1.02 
3.15 10% Pd/C 100 0 100 0 0 0 >10.0 >3 
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Figure 3.7 Hydrodechlorination of 2,4,6-TCP using HCOONH4 and 
Pd(OAc)2 
Reaction conditions: Pd(OAc)2 (0.203 g; 0.09040 mmol), 2,4,6-
TCP (1.0062 g; 5.096 mmol), 4-tert-butyltoluene (0.4532 g; 3.057 
mmol), HCOONH4 (1.5813 g; 25.08 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (180 min) 
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Figure 3.8 Hydrodechlorination of 2,4,6-TCP using HCOONH4 and PdCl2 
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Reaction conditions: 2,4,6-TCP (0.9853 g; 4.990 mmol), 4-tert-
butyltoluene (0.3050 g; 2.057 mmol), PdCl2 (0.2030 g; 0.1144 
mmol), HCOONH4 (1.5890 g; 25.20 mmol), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (600C), time (180 min) 
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Figure 3.9 Comparison of Pd(OAc)2 and PdCl2 catalysts: 2,4,6-TCP rate 
data 
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Figure 3.10 Comparison of Pd(OAc)2 and PdCl2 catalysts: 2,4,6-TCP 
selectivity data 
 
Figure 3.9 compares the rate of hydrodechlorination of 2,4,6-trichlorophenol under 
the reaction conditions stipulated below Tables 3.4 and 3.5. Figure 3.10 compares 
the selectivity towards phenol as a function of time. The rate plot (Figure 3.9) 
shows a gradual increase of phenol with time, for both the Pd(OAc)2 and PdCl2 
catalyst. The selectivity plot (Figure 3.10) shows a gradual increase in selectivity 
with an increase in conversion of substrate for both catalysts, with a higher 
selectivity obtained for the PdCl2 catalyst. As for the hydrodechlorination of 2,6-
dichlorophenol, similar observations were noted whereby PdCl2 displayed a higher 
rate of conversion and selectivity to phenol than Pd(OAc)2. The results indicate 
that there is a significant improvement in activity and selectivity for the supported 
Pd catalyst compared to an unsupported catalyst such as PdCl2.  
  
The results in Table 3.5 show that the Pd/C catalyst has significantly better rates of 
hydrodechlorination than any of the other catalyst sytems (PdCl2, Pd(OAc)2, 
Pd/Al2O3) evaluated. In addition, the Pd/C catalyst showed excellent selectivity 
towards the formation of phenol, e.g. >80%. The Pd/Al2O3 catalyst shows 
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surprisingly low activity, as in the case of when 2,6-DCP was hydrodechlorinated 
with Pd/Al2O3. Although the conversion observed for Pd/Al2O3 is higher or similar 
to that of unsupported Pd(OAc)2 catalysts, PdCl2 displayed much higher 
conversions  (22.7% for Pd/Al2O3 compared to >50% for PdCl2). Similarly, a lower 
selectivity was recorded for the Pd/Al2O3 catalyst when compared to PdCl2. The 
selectivity towards phenol, for the Pd/Al2O3 system, is 39% compared to >48% for 
PdCl2.   
 
The selectivity is not much better than 60% for all these systems studied 
compared to Pd/C. However, the 5% Pd/C catalyst shows a similar selectivity and 
phenol/chlorophenol ratio to the PdCl2 catalyst. This is despite having a higher rate 
of phenol formation than the PdCl2 catalyst. This could possibly be attributed to the 
lower amount of active metal present compared to the PdCl2 catalyst (0.09040 
mmol compared to 0.2853 mmol). It is clear that the Pd/C catalyst, at a 10% metal 
dispersion, is much more active than the other catalysts studied. It is also clear 
that supported noble metal catalysts such as Pd/C are suitable for low-temperature 
hydrodechlorination of chlorophenols. The hydrodechlorination abilities of these 
catalysts are clearly shown from the high selectivity to phenol and the high phenol 
to chlorophenol ratio (Ph:CP) as depicted in Table 3.5. The comparison of the rate 
data in Table 3.5 with that in Table 3.4 shows that the rate of phenol formation is 
vastly increased when using the Pd/C catalyst. This is further supported by 
comparing data of the ratio of phenol versus the other chlorophenol byproducts.   
 
Compared to the 5% Pd/C catalyst, the 5% Pd/Al2O3 catalyst gives a poor 
selectivity towards phenol as well as a lower rate of phenol formation. Despite 
having a similar active metal content per load of support, the poor selectivity and 
rate of formation of phenol of the Pd/Al2O3 catalyst could be attributed to the 
presence of metal/support interaction78 between palladium and alumina as well as 
the surface area of the catalysts79. Babu et. al.80 ascribed the catalytic behaviour 
of supported Pd to depend on the type of support and the extent of interaction 
between support and the active metal phase. To further illustrate the effect of 
metal/support interaction, temperature-programmed-reduction (TPR), not 
performed during this study, need to be performed to support these findings. It is 
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assumed78 that in metal support systems, such as Al2O3, formation of electron-
deficient metal particles occurs due to the presence of Brønsted and Lewis acid 
sites. This leads to a partial positive charge generated on the supported metal 
particle due to strong support metal interaction. Sangeetha et. al.81 reported the 
activity of a 1% Pd/Al2O3 catalyst to be lower than the activity of 1% Pd/MgO and 
1% Pd/hydrotalcite. This difference was attributed to the fact that Pd particles were 
larger and formed agglomerates on Al2O3 compared to the other catalysts. This 
therefore resulted in a lowering in the dispersion of metal particles on the support. 
 
3.3.3 Variation of catalyst and ammonium formate concentration 
 
The effect of varying the catalyst and ammonium formate concentration on product 
selectivity was investigated by performing consecutive reactions at room 
temperature (250C) for a total period of two hours. In order to determine the effect 
of increasing the amount of the Pd/C catalyst upon the rate and selectivity, the 
catalyst loading was increased from 0.02g to 0.2g (0.190 mmol Pd). This is ten 
times more than the catalyst mass used in the preceding experiments. The 
concentration ratio of ammonium formate:substrate (AF:S) was varied from 1:1 to 
2:1 and 6:1. The results of these experiments are summarised in Table 3.6. 
 
Table 3.6: Variation of the AF:S ratio during the hydrodechlorination of 
2,6-DCP and 2,4,6-TCP with 10% Pd/C 
Selectivity 
Exp. 
No. Substrate AF:S
a   
R
at
eb
 
(m
m
ol
.s
-1
 x
10
-4
) 
 % Conv. 
2-CP 4-CP Phenol 2,4-DCP 2,6-DCP 
3.16 2,6-DCP 1:1 0.101 24.6 68.5 - 31.6 - - 
3.17 2,6-DCP 2:1 0.562 73.8 38.8 - 61.3 - - 
3.18 2,6-DCP 6:1 1.35 100 0 - 100 - - 
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Table 3.6: Continued 
3.19 2,4,6-TCP 1:1 0.0856 18.7 9.9 0 33.5 42.0 14.7 
3.20 2,4,6-TCP 2:1 0.426 44.4 5.0 0 70.6 19.6 4.8 
3.21 2,4,6-TCP 6:1 1.34 100 0 0 100 0 0 
a ammonium formate to substrate ratio 
b rate based on formation of phenol (calculated at 120 minutes) 
 
Summary of reaction conditions for experiments 3.16- 3.21: 
 
Reaction 3.16: 2,6-DCP (0.8104 g; 4.972 mmol), 4-tert-butyltoluene (0.7410 
g; 4.998 mmol), ammonium formate (0.3190 g; 5.059 mmol), 
10% Pd/C (0.2028 g; 0.1905 mmol Pd), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (250C), time (120 min) 
 
Reaction 3.17: 2,6-DCP (0.8110 g; 4.976 mmol), 4-tert-butyltoluene (0.7440   
g; 5.019 mmol), ammonium formate (0.6235 g; 9.887 mmol), 
10% Pd/C (0.2012 g; 0.1890 mmol Pd), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (240C), time (120 min) 
 
Reaction 3.18: 2,6-DCP (0.8140 g; 4.992 mmol), 4-tert-butyltoluene (0.7500  
g; 5.062 mmol), ammonium formate (1.998 g; 31.68 mmol), 
10% Pd/C (0.2030 g; 0.1907 mmol Pd), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (250C), time (120 min) 
 
Reaction 3.19: 2,4,6-TCP (1.0011 g; 5.070 mmol), 4-tert-butyltoluene (0.7655 
g; 5.164 mmol), ammonium formate (0.3164 g; 5.017 mmol), 
10% Pd/C (0.2038 g; 0.1915 mmol Pd), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (240C), time (120 min) 
Reaction 3.20: 2,4,6-TCP (0.9928 g; 5.028 mmol), 4-tert-butyltoluene  
(0.7345 g; 4.955 mmol), ammonium formate (0.6235 g; 9.887 
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mmol), 10% Pd/C (0.2003 g; 0.1882 mmol Pd), MeOH (15.00 
cm3), H2O (2.00 cm3), temperature (240C), time (120 min) 
 
Reaction 3.21: 2,4,6-TCP (1.004 g; 5.087 mmol), 4-tert-butyltoluene (0.7400 
g; 4.991 mmol), ammonium formate (1.990 g; 31.557 mmol), 
10% Pd/C (0.2050 g; 0.1926 mmol Pd), MeOH (15.00 cm3), 
H2O (2.00 cm3), temperature (250C), time (120 min) 
 
Despite supported Pd catalysts such as Pd/Al2O3 not giving satisfactory 
dechlorination results as discussed in the preceding investigations, excellent 
results were obtained when using the Pd/C catalyst. The use of supported 
catalysts such as 10%Pd/C results in improved rates of dechlorination. Data 
obtained from calculating the rate of phenol formation shows a gradual increase of 
phenol with time, for all systems studied. The rate increases five times in going 
from an AF:S ratio of 1:1 to 2:1 and two and a half times when going from a ratio of 
2:1 to 6:1. Data for selectivity also show a gradual increase in selectivity with an 
increase in conversion of substrate.  
 
The highest selectivity was obtained at a substrate to ammonium formate ratio of 
1:6 with excellent conversion of both 2,6-dichlorophenol and 2,4,6-trichlorophenol, 
and 100% selectivity towards phenol. The observation noted in the increase in 
conversion and selectivity towards phenol can be attributed to the fact that more 
hydride ions are available per active metal for the dechlorination process to 
proceed to completion.  During the course of the experiments, no 4-chlorophenol 
was detected during the hydrodechlorination of 2,4,6-trichlorophenol. In addition, 
low amounts of 2-chlorophenol were detected during the hydrodechlorination of 
2,6-dichlorophenol as well as low amounts of 2-chlorophenol and 2,6-
dichlorophenol during the hydrodechlorination of 2,4,6-trichlorophenol .  
 
Finally a schematic representation of the pathway for the hydrodechlorination of 
2,6-dichlorophenol and 2,4,6-trichlorophenol can be illustrated as depicted in 
Schemes 3.2 and 3.3. 
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Scheme 3.2 Hydrodrodechlorination pathway for 2,6-dichlorophenol 
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Scheme 3.3 Hydrodrodechlorination pathway for 2,4,6-trichlorophenol 
 
3.4 SUMMARY AND CONCLUDING REMARKS 
 
The use of ammonium formate for the hydrogen transfer hydrogenolysis of 
chlorophenols proves to be a successful dechlorination process. The process 
provides the advantage of using a cost effective water and solvent-based system. 
This proves to be useful during treatment of wastewater streams containing 
chlorinated phenols especially in light of the fact that the reaction could not 
proceed without the presence of water for dissolution of ammonium formate. The 
system also provides a high selectivity towards phenol as product.  Furthermore, 
supported palladium catalysts such as Pd/C proved to be superior to other 
supported catalysts such as Pd/Al2O3 and unsupported catalysts such as PdCl2 
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and Pd(OAc)2. The Pd/C catalysts proved to be more selective in 
hydrodechlorinating 2,6-dichlorophenol and 2,4,6-trichlorophenol to phenol 
compared to Pd/Al2O3. This could possibly be explained in terms of the difference 
in support and possible metal/support interaction. Future work could thus include 
catalyst characterization studies to investigate how metal dispersion influences the 
hydrodechlorination of choropheols for different support materials. 
 
In light of the excellent results obtained during the hydrodechlorination of 2,4,6-
trichlorophenol and 2,6-dichlorphenol with ammonium formate, the hydrogenolysis 
of these compounds will be discussed in the chapter to follow. Pd/C and 
dihydrogen as the reducing source will be further investigated and discussed 
during the hydrodechlorination of chlorophenols. 
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CHAPTER 4 
HYDRODECHLORINATION USING DIHYDROGEN 
 
4.1 INTRODUCTION 
 
The hydrodechlorination of 2,6-DCP and 2,4,6-TCP to phenol and de- chlorinated 
phenols has been investigated using 5% and 10% Pd/C as catalysts, and 
dihydrogen (H2) as reductant. These catalysts were chosen since Pd/C catalysts 
exhibited higher turnover rates as previously investigated in Chapter 3. The Pd/C 
catalyst, together with dihydrogen, was able to dechlorinate 2,4,6-trichlorophenol 
and 2,6-dichlorophenol with a high selectivity towards phenol as one of the 
products. These findings were also reported in the preceding section (Chapter 3) 
using ammonium formate-transfer-hydrogenolysis. It proved to be effective in 
selectively dechlorinating 2,6-DCP and 2,4,6-TCP to phenol.  
 
The catalytic activity of supported palladium catalysts is derived from an active 
metal deposited on the surface of supports such as carbon, alumina, titania or 
silica. The activity of the catalysts depends on the presence of reduced metal 
species to facilitate the adsorption and activation of molecular hydrogen. The 
presence of surface oxide species greatly affects the activity of these catalysts, in 
as much as it necessitates the pre-treatment of catalysts prior to reaction.  
 
Hydrodechlorination studies performed under pressure by Balko et. al.60 and Hoke 
et. al.82 on different chlorophenol substrates showed that it to be an effective 
method in treating waste streams. This method afforded only phenol as the 
product. The catalytic efficiency of the Pd/C catalysts was inhibited as the reaction 
proceeded due to the formation of HCl as by-product during the dechlorination 
process. Del Angel et. al.68 reported the partial oxidation of small palladium 
particles supported on carbon due to the presence of hydrochloric acid formed 
during the reaction. This was concluded by the detection of PdCl4 species by uv-
vis spectophotometry. Another factor responsible for the loss of activity of 
supported noble metal catalysts is due to leaching of the active metal from the 
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support due to presence of HCl generated during hydrodechlorination.83 It has 
been concluded that Pd/C is more greatly affected than Pd/Al2O3 due to weaker 
metal/support interactions, thus leading to more metal leaching from the support. 
However, despite being less prone to leaching of the active metal from the 
support, López et. al.84 have shown that Al2O3 has a tendency to form coke at high 
concentrations of HCl and low pressure. This was attributed to the formation of 
strong acid sites that lead to easier formation of coke. 
 
A study performed by Cordier 59 has, however, shown a hydrochloric acid medium 
to be beneficial towards the selective hydrodechlorination of 3,4-dichlorophenol, 
2,5-dichlorophenol and pentachlorophenol. It was observed that 3-chlorophenol, 5-
chlorophenol and 3,5-dichlorophenol were the selective products obtained when 
experiments were carried out in concentrated acidic solution at a hydrogen partial 
pressure of 16 bar and temperature of 4630K using 5% Pd/C. This was attributed 
to the formation of a protonated substrate species, which is related to the ratio of 
substrate and hydrogen ion concentration. 
 
The nature of the solvent also has been reported to play a role in the activity of the 
hydrodehalogenation catalyst. Xia et. al.85 showed that water contributed to a 
higher hydrodechlorination activity of aromatic halides compared to when other 
organic solvents such as ethanol, iso-propanol and toluene were used. The 
deactivation of the catalyst was attributed to the accumulation of NaCl on the 
catalyst surface. The water proved to be beneficial in that it assisted removal of 
these species from the surface of the catalyst. Similar results in activity were 
observed during the hydrodechlorination of tetrachloroethylene with Pd/C using a 
mixed methanol/ water system.86 The advantage of using a water-based solvent 
system proved to be of particular importance during the hydrodehalogenation of 
bromo- and iodo- compounds taking into consideration that such anions compete 
for adsorption on the active metal surface leading to lower reaction rates when no 
water is present as solvent.87   
 
The modification of the carbon support surface by oxidative thermal treatment with 
various oxidants proved to be beneficial during the hydrodechlorination of 4-
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chlorophenol.88 The modification of the support’s surface chemistry leads to high 
conversion rates and selectivity towards cyclohexanol. The formation of 
cyclohexanol was also observed during the hydrodechlorination of 4-chlorophenol 
over a Pd-promoted Ru/TiO289 catalyst. Roy et. al.75 and Yuan and Keane,90 on the 
other hand, observed hydrodechlorination of mono- and di-chlorophenols to yield 
cyclohexanone usind a Pd/Al2O3 catalyst. It seems that the type of support plays 
an important role in the product make-up since hydrodechlorination over Pd/C 
yielded only phenol and no cyclohexanone. Similarly, observations by Bovkun et. 
al.,91 reported the formation of cyclohexane from the hydrodechlorination of 
chlorophenols using a combined silica sol-gel entrapped palladium catalyst. The 
formation of cyclohexane from cyclohexanol as one of the products is reported to 
be dependent on the presence of HCl, which dehydrates the alcohol to 
cyclohexene and is subsequently hydrogenated. 
 
The objective of this particular study will primarily be concerned with establishing 
some idea of the effect of catalyst, in particular, Pd/C, on the hydrodechlorination 
of model substrates such as 2,6-dichlorophenol and 2,4,6-trichlorophenol. 
Although most industrial processes occur at extreme conditions (high temperature 
and pressure), no focus was placed on high-pressure reactors and process 
control, since all reactions were performed in a bench-scale round-bottomed flask 
under mild conditions (low temperature and atmospheric pressure). Stirring was 
controlled at 1000 rpm to eliminate mass transfer contributions on the reaction 
rate. The influence of various process parameters (like reaction time, catalyst 
loading, catalyst weight and H2 flow rate) on the conversion and product 
distribution will be illustrated and discussed. 
 
4.2 EXPERIMENTAL 
 
Aldrich Chemicals were used as the supplier of the Pd/C catalysts used for the 
hydrogen-assisted hydrodechlorination of 2,6-dichlorophenol and 2,4,6-
trichlorophenol. The catalysts were used as received without any pre-treatment 
(activation) step prior to hydrodechlorination. The concentration of palladium was 
limited to 5% and 10% loading per catalyst.   
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The hydrodechlorination of 2,6-dichlorophenol and 2,4,6-trichlorophenol were 
carried out in a 100 mL round-bottomed flask. The conditions are stipulated in 
Table 4.1. Hydrogen was supplied by a gas cylinder with a regulating valve 
through a glass pipette at 30 cm3/min. The amount of chlorophenol was limited to 
5 mmol and dissolved in a mixture of methanol (15 mL) and water (5 mL). The 
catalyst amount was limited to 0.02 g and 0.05 g. The extent of chlorophenol 
conversion was monitored for a total period of 300 minutes on-stream. The 
analysis of reaction products was carried out using a gas chromatograph (Varian 
3800, using FID and an Alpha-Dex-120 column).  
 
Table 4.1 Reaction conditions for the hydrodechlorination reactions 
2,6-DCP 2,4,6-TCP 
Mass of substrate 
0.8150 g 
(5.0 mmol) 
0.9875 g  
(5.0 mmol) 
Catalyst loading 0.02 g; 0.05 g 
Temperature range 250C - 1000C 
Hydrogen flow rate 5 cm3/min – 50 cm3/min 
Time 300min 
 
The percentage conversion of substrate, and the selectivity and yield of products 
were calculated against nitrobenzene as internal standard using the following 
equations: 
 
The conversion can be expressed as the total amount of substrate initially charged 
that has been consumed, as a percentage: 
substrateofmolesinitial
consumedsubstrateofmolesConversion 100
 
The yield of products is defined as the amount of product divided by the amount of 
substrate charged, as a percentage: 
100x
substrateofmolesinitial
productofmolesYield   
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The selectivity is defined as moles of product formed to that of substrate 
consumed, as a percentage: 
100x
consumedsubstrateofmoles
productofmolesySelectivit   
 
Figure 4.1 shows the reaction setup used: 
Condensor H2O (out) 
Stopper 
(sampling)
H2O (in) 
2-necked round-
bottomed flask 
Hotplate/stirrer 
Magnetic 
stirrer bar 
Hydrogen inlet 
 
Figure 4.1 Schematic diagram of hydrodechlorination equipment 
 
4.3 RESULTS AND DISCUSSION 
 
4.3.1 Typical reaction profile 
 
The catalytic liquid phase hydrodechlorination of chlorophenols gives rise to a 
reaction mixture containing a variety of different intermediates in varying 
proportions. Typical product distribution diagrams are illustrated in Figures 4.2 and 
4.3 for the hydrodechlorination of 2,6-dichlorophenol and 2,4,6-trichlorophenol in 
the presence of Pd/C and dihydrogen.  
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As stated previously, the Pd/C catalyst system showed promise for the liquid-
phase hydrodechlorination of 2,6-dichlorophenol and 2,4,6-trichlorophenol. The 
catalytic activity of 5% and 10% Pd/C catalysts were evaluated for activity during 
the hydrodechlorination of 2,6-dichlorophenol and 2,4,6-trichlorophenol. The 
hydrodechlorination of 2,6-dichlorophenol gives rise to a reaction mixture 
containing 2-chlorophenol and phenol together with a ring-hydrogenated product, 
cyclohexanone, as depicted in Schemes 4.1 and 4.2.  
OH
O
OH
ClCl
OH
Cl
 
Scheme 4.1 2,6-Dichlorophenol hydrodechlorination products 
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Figure 4.2 Hydrogenolysis of 2,6-DCP with 5% Pd/C and hydrogen 
Conditions: 2,6-DCP (0.8097 g; 4.967 mmol), 5% Pd/C (0.0213 g; 
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0.01001 mmol), 4-tert-butyltoluene (0.1459 g; 0.9843 mmol), 
15.00 mL MeOH, 5.00 ml H2O, H2 (5 mL/min), 600C     
 
During the initial stages of the hydrodechlorination reaction, the average rate of 
consumption of 2,6-dichlorophenol is generally greater than phenol, so that the 
accumulation of 2-chlorophenol is observed.  The rate of 2-chlorophenol, however, 
decreases with time as a result of its conversion to phenol. Similarly, phenol is 
hydrogenated to form cyclohexanone. Typically, the reaction proceeds very fast 
with a conversion of close to 80% after 200 minutes using 5% Pd/C at 600C as 
depicted in Figure 4.2. 
 
Cl
OH
Cl
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OH
Cl
OH O
OH
Cl
Cl
OH
ClCl
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Scheme 4.2 2,4,6-Trichlorophenol hydrodechlorination products 
  
 
 
91
time (min)
0 50 100 150 200 250 300 350
m
m
ol
0
1
2
3
4
5
6
2-chlorophenol
phenol
2,4-dichlorophenol
2,6-dichlorophenol
4-chlorophenol
cyclohexanone
2,4,6-trichlorophenol
sum
 
Figure 4.3 Hydrogenolysis of 2,4,6-TCP with 5% Pd/C and hydrogen 
Conditions: 2,4,6-TCP (0.9848 g; 4.988 mmol), 5% Pd/C (0.0212 
g; 0.009961 mmol), 4-tert-butyltoluene (0.1726 g; 1.164 mmol), 
15.00 mL MeOH, 5.00 mL H2O, H2 (5 mL/min), 600C 
 
Similarly, the hydrodechlorination of 2,4,6-trichlorophenol gives rise to a mixture of 
phenol, 2-chlorophenol, 2,4-dichlorophenol, 2,6-dichlorophenol and cyclohexanone 
(see schematic representations – Scheme 4.2 and 4.3). Only trace amounts of 4-
chlorophenol were detected during the course of the reaction. These results are 
therefore in agreement with findings by Yuan and Keane,83 who detected no 4-
chlorophenol during the hydrodechlorination of 2,4-dichlorophenol with Pd/C. 
 
4.3.2 Nature of the substrate 
 
The selectivity towards reaction products obtained for the different catalyst 
concentrations are summarized in Table 4.2 at a reaction period of 300 minutes, 
while Table 4.3 shows the selectivity towards phenol for the two catalysts as a 
function of substrate conversion. 
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Table 4.2 Hydrodechlorination of 2,6-dichlorophenol and 2,4,6-
trichlorophenol- selectivity data 
Selectivitya 
Conditions 
2-CP Phenol Cyclohexanone 4-CP 2,4-DCP 2,6-DCP
2,6-DCP 
(5% Pd/C)b 
25.43 72.02 2.54 - - - 
2,6-DCP 
(10% Pd/C)c 
13.78 82.15 4.08 - - - 
2,4,6-TCP 
(5% Pd/C)d 
15.22 41.18 2.52 0 24.68 16.40 
2,4,6-TCP 
(10% Pd/C)e 
5.11 55.07 7.17 0.39 22.03 10.22 
a Selectivity determined at 300 minutes 
b 2,6-DCP (0.8097 g; 4.967 mmol), 5% Pd/C (0.0213 g; 0.01001 mmol), 4-tert-
butyltoluene (0.1459 g; 0.9843 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C    
c 2,6-DCP (0.8496 g; 5.212 mmol), 10% Pd/C (0.0215 g; 0.0203 mmol), 
nitrobenzene (0.1304 g; 1.059 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C      
d 2,4,6-TCP (0.9848 g; 4.988 mmol), 5% Pd/C (0.0212 g; 0.009961 mmol), 4-tert-
butyltoluene (0.1726 g; 1.164 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C      
e 2,4,6-TCP (1.0044 g; 5.087 mmol), 10% Pd/C (0.0212 g; 0.01992 mmol), 
nitrobenzene (0.1304 g; 1.059 mmol), 15.00 mL MeOH, 5.00 ml H2O, H2 (5 
mL/min), 600C               
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Table 4.3 Hydrodechlorination of 2,6-dichlorophenol and 2,4,6-
trichlorophenol- selectivity data 
Selectivity – Phenol 
(% mmol) 
Selectivity – Phenol 
(% mmol) Conversiona 
5% Pd/C 
Conversionc 
 
10% Pd/C 
2,6-dichlorophenol 
0 0 0 0 
14.72 21.75 18.94 47.04 
32.05 35.87 34.68 66.31 
48.74 68.40 61.36 80.98 
68.19 70.30 72.06 83.44 
76.36 67.63 78.10 84.69 
77.29 73.90 80.22 85.25 
2,4,6-trichlorophenol 
0 0 0 0 
15.34 16.73 14.45 32.43 
24.78 27.83 23.55 44.92 
35.71 40.15 33.75 56.79 
48.10 43.73 42.07 58.14 
50.98 43.73 45.40 59.48 
55.75 44.16 46.37 59.32 
a 2,6-DCP (0.8097 g; 4.967 mmol), 5% Pd/C (0.0213 g; 0.01001 mmol), 4-tert-
butyltoluene (0.1459 g; 0.9843 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C  
b 2,4,6-TCP (0.9848 g; 4.988 mmol), 5% Pd/C (0.0212 g; 0.009961 mmol), 4-tert-
butyltoluene (0.1726 g; 1.164 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C      
c 2,6-DCP (0.8496 g; 5.212 mmol), 10% Pd/C (0.0215 g; 0.02020 mmol), 
nitrobenzene (0.1304 g; 1.059 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C      
d 2,4,6-TCP (1.0044 g; 5.087 mmol), 10% Pd/C (0.0212 g; 0.01992 mmol), 
nitrobenzene (0.1304 g; 1.059 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C      
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The 10% Pd/C catalyst gave slightly higher reaction rates and phenol selectivities 
for both 2,6-dichlorophenol and 2,4,6-trichlorophenol hydrodechlorinations. 
Likewise 2,6-dichlorophenol also gave higher reaction rates and phenol selectivity 
than 2,4,6-trichlorophenol. The lower rates displayed by 2,4,6-trichlorophenol are 
due to competing hydrodechlorination reactions from other chlorinated products 
formed during hydrodechlorination as compared to only 2-chlorophenol as 
intermediate during the hydrodechlorination of 2,6-dichlorophenol. A comparison of 
the maximum phenol yields (determined at 240 minutes) for the 
hydrodechlorination reaction is shown in Table 4.4. The results follow the same 
trend as that observed for the phenol selectivities discussed above. 
 
Table 4.4 Phenol yields for different substrates and catalyst 
concentrations* 
Yield (% mmol) 
Substrate 
5% Pd/C 10% Pd/C 
2,6-dichlorophenol 51.6 66.4 
2,4,6-trichlorophenol 22.3 27.0 
* For experimental details, see Table 4.2 
 
The hydrodechlorination plots of the relative concentrations of substrates and 
phenol, against time, from Table 4.3 is illustrated in Figures 4.4 and 4.5. Figure 4.6 
also compares the selectivity towards phenol as a function of substrate 
conversion. 
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Figure 4.4 Rate comparison of 5% Pd/C and 10% Pd/C catalysts:  
2,6-dichlorophenol 
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Figure 4.5 Rate comparison of 5% Pd/C and 10% Pd/C catalysts:  
2,4,6-trichlorophenol 
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Figure 4.6 Comparison of 5% Pd/C and 10% Pd/C catalysts: selectivity 
 
Although the 10% Pd/C catalyst appears to have a slightly better conversion over 
the 5% Pd/C catalyst in terms of the reaction rate, the difference is small. In 
addition, the selectivity towards phenol was higher for the 10% Pd/C catalyst for 
both cases. The substrate giving the highest selectivity to phenol also has the 
highest reaction rate measured by the rate of substrate consumption. It is also 
clear from the data that the higher catalyst concentration gave a better reaction 
rate and phenol selectivity. 
 
From the data represented in Figure 4.6, a strong decrease in the rate of phenol 
formation is observed after 30 minutes of conversion for both substrates. As stated 
previously, this is mainly as a result of further hydrogenolysis of phenol. In order to 
investigate this aspect of the hydrogenolysis reaction, the oxidation of the 
individual hydrodechlorination intermediates will be described. 
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4.3.3 Catalyst amount 
 
In order to evaluate the reaction kinetics, it was decided to investigate the effect of 
an increase in catalyst amount on the conversion and the selectivity to the desired 
phenol product. The catalyst amount used was more than doubled in order to 
investigate the effect of the amount of catalyst upon hydrodechlorination and the 
reaction selectivity towards phenol especially. The results obtained for the two 
conditions investigated (0.02 g and 0.05 g of Pd/C) are summarized in Tables 4.5 
and illustrated graphically in Figures 4.7 and 4.8 for the reaction using 2,6-DCP as 
substrate. 
 
Table 4.5 Conversion and selectivity comparisons for different catalyst 
loadings of 10% Pd/C catalysts: 2,6-dichlorophenol 
Selectivity (%) 
2,6-DCPa 
Conversion 
(%) 
2-CPb Phenol Cyclohexanone 
Time 
(h) 
0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 50.97 40.37 33.49 39.28 66.51 60.71 0.00 0.00 
2 67.05 69.91 25.66 16.63 74.34 83.37 0.00 0.00 
3 74.79 87.92 20.76 6.45 79.10 93.30 0.14 0.26 
4 79.18 94.65 17.67 3.76 82.12 95.86 0.21 0.38 
5 82.77 96.94 16.41 2.37 83.25 97.09 0.35 0.54 
a- 2,6-Dichlorophenol; b- 2-Chlorophenol 
  
Similar data obtained for 2,4,6-TCP are contained in Table 4.6 and Figures 4.9 
and 4.10. 
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Table 4.6 Conversion and selectivity comparisons for different catalyst loading of 10% Pd/C catalysts: 2,4,6-  
  dichlorophenol 
Selectivity (%) 
2,4,6-TCPa 
Conversion 
(%) 
2-CPb Phenol 2,4-DCPc 2,6-DCPd 4-CPe Cyclohexanone
Time 
(h) 
0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 0.02g 0.05g 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 31.77 36.00 12.45 7.42 33.31 50.33 29.64 26.34 24.60 15.91 0.00 0.00 0.00 0.00 
2 41.75 53.47 11.59 5.71 42.75 64.63 25.69 19.33 19.50 9.72 0.00 0.00 0.48 0.72 
3 50.19 63.77 11.20 5.21 47.77 70.57 22.96 15.20 17.15 7.49 0.00 0.00 0.93 1.54 
4 55.88 69.71 11.10 4.88 51.60 74.30 20.69 12.99 15.52 6.28 0.00 0.00 1.08 1.54 
5 57.83 74.96 11.08 4.77 52.90 77.90 19.88 11.17 14.98 4.43 0.00 0.00 1.16 1.73 
a- 2,4,6-Trichlorophenol; b- 2-Chlorophenol; c- 2,4-Dichlorophenol; d- 2,6-Dichlorophenol; e- 4-Chlorophenol 
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Figure 4.7 Conversion plot- hydrodechlorination of 2,6-DCP at different 
catalyst weights  
Conditions (A): 2,6-DCP (0.8252 g; 5.063 mmol), 10% Pd/C 
(0.0212 g; 0.01992 mmol), nitrobenzene (0.2162 g; 1.758 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C 
Conditions (B): 2,6-DCP (0.8215 g; 5.040 mmol), 10% Pd/C 
(0.0506 g; 0.04755 mmol), nitrobenzene (0.2118 g; 1.720 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C 
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Figure 4.8 Selectivity plot- hydrodechlorination of 2,6-DCP at  
different catalyst weights (for conditions see Figure 4.7) 
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Figure 4.9 Conversion plot- Hydrodechlorination of 2,4,6-TCP at  
different catalyst weights 
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Conditions (A): 2,4,6-TCP (0.9860 g; 4.994 mmol), 10% Pd/C 
(0.0206 g; 0.01936 mmol), nitrobenzene (0.2038 g; 1.655 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C  
Conditions (B): 2,4,6-TCP (0.9833 g; 4.980 mmol), 10% Pd/C 
(0.0506 g; 0.04755 mmol), nitrobenzene (0.2001 g; 1.625 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C 
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Figure 4.10 Selectivity plot- hydrodechlorination of 2,4,6-trichlorophenol 
at different catalyst weights (for conditions see Figure 4.9) 
 
When increasing the catalyst mass, the conversion of 2,6-dichlorophenol 
slightly increases up to 3 hours of reaction time, after which there is a larger 
change in the conversion. The same effect is observed for the selectivity. In 
contrast to these observations, there is a much more significant increase in the 
conversion for the 2,4,6-trichlorophenol hydrodechlorination when increasing 
the catalyst mass. A similar observation is noted for the phenol selectivity.   
 
These observations suggest that the amount of catalyst can be increased to 
improve the reaction kinetics as well as to increase the selectivity towards 
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phenol. However, despite the increase in the conversion and selectivity, there 
is also a product that forms due to hydrogenation of phenol (see § 4.3.5), viz. 
cyclohexanone. The selectivity of cyclohexanone is much higher for the 2,4,6-
trichlorophenol hydrodechlorination compared to 2,6-dichlorophenol 
hydrodechlorination. There is also a slight increase in the cyclohexanone 
selectivity when increasing the catalyst mass for both cases. 
 
4.3.4 Effect of H2 flow rate 
 
In the present work, we have investigated the effect of hydrogen flow rate by 
hydrodechlorinating 2,4,6-trichlorophenol and 2,6-dichlorophenol. The 
reactions were performed at 600C. The results are summarized in Figures 4.11 
and 4.12.  
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Figure 4.11 Hydrodechlorination of 2,6-DCP at different H2 flow rates 
  Conditions (A): 2,6-DCP (0.8252 g; 5.063 mmol), 10% Pd/C 
  (0.0212 g; 0.01992 mmol), nitrobenzene (0.2162 g; 1.756  
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C  
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Conditions (B): 2,6-DCP (0.8218 g; 5.042 mmol), 10% Pd/C 
(0.0213 g; 0.02002 mmol), nitrobenzene (0.1999 g; 1.624 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (10 mL/min), 600C  
Conditions (C): 2,6-DCP (0.8202 g; 5.032 mmol), 10% Pd/C 
(0.0205 g; 0.01926 mmol), nitrobenzene (0.1999 g; 1.624 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (50 mL/min), 600C 
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Figure 4.12 Hydrodechlorination of 2,4,6-TCP at different H2 flow rates 
Conditions (A): 2,4,6-TCP (0.9860 g; 4.994 mmol), 10% Pd/C 
(0.0206 g; 0.01936 mmol), nitrobenzene (0.2038 g; 1.655 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C  
Conditions (B): 2,4,6-TCP (1.033 g; 5.232 mmol), 10% Pd/C 
(0.0209 g; 0.01964 mmol), nitrobenzene (0.2097 g; 1.703 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (10 mL/min), 600C  
Conditions (C): 2,4,6-TCP (0.9899 g; 5.013 mmol), 10% Pd/C 
(0.0205 g; 0.01926 mmol), Nitrobenzene (0.2097 g; 1.703 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (50 mL/min), 600C        
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The results show that there is very little difference in the reaction rate when 
using 30mL/min and 50mL/min hydrogen flow rate during the 
hydrodechlorination of 2,6-dichlorophenol (see Figure 4.11). These two flow 
rates also gave better reaction rates than using a flow rate of 10mL/min. In 
addition, a 30mL/min flow rate gave a slight advantage in the reaction rate, 
compared to using a 50mL/min and 10mL/min flow rate when 
hydrodechlorinating 2,4,6-trichlorophenol (see Figure 4.12). In light of the 
results, a flow rate of 30-50 mL/min proved to be efficient, since at low flow 
rates (10 ml/min), insufficient flow of H2 as well as blocking of the H2 delivery 
tube occurred. It was thus decided to use a flow rate of 30mL/min due to the 
cost of hydrogen and the better rate of reaction at this specific flow rate.   
 
4.3.5 Hydrodechlorination of intermediate hydrodechlorination products 
 
Based on literature, Shin and Keane proposed the following reaction scheme 
(Scheme 4.3) for the gas-phase hydrodechlorination of 2,3,5-TCP at 573K.57  
 
OH
Cl
Cl
Cl Cl
Cl
OH
OH
Cl
OH
k1
k2
k3
k4
k5
k6  
 
Scheme 4.3 Reaction scheme for the gas-phase hydrodechlorination  
of 2,4,5-TCP 
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From a phenol production point of view, the nature of the catalyst and reaction 
conditions participating in the hydrodechlorination of various intermediates is of 
importance. In the above reaction scheme, no other products due to further 
reaction of phenol such as cyclohexanone, cyclohexanol and cyclohexane 
were observed. Based on our results in the preceding discussions, a general 
reaction scheme, (Scheme 4.4) can be suggested for the hydrodechlorination 
of 2,6-dichlorophenol in particular. 
 
k3
k2
k1
2,6-dichlorophenol
O
OH
Cl
OH
ClCl
OH
Cl
OH
OH
+ H2
+ H2
+ H2
2-chlorophenol
phenol cyclohexanone  
 
Scheme 4.4 Reaction scheme for 2,6-dichlorophenol hydrodechlorination  
 
The reactions illustrated in Scheme 4.4 are represented graphically in Figure 
4.13 and 4.14. The formation of 2-chlorophenol reaches a maximum and 
decreases with time. The selectivity graph illustrates the decrease in 2-
chlorophenol after about 20 minutes of reaction time. Similarly, 2,4,6-
trichlorophenol yields a mixture of 2-chlorophenol, phenol, 2,4-dichlorophenol, 
2,6-dichlorophenol and cyclohexanone as depicted in Figures 4.15 and 4.16. 
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Figure 4.13  Hydrodechlorination of 2,6-DCP with 10% Pd/C and H2 
Conditions:2,6-DCP (0.8496 g; 5.212 mmol), 10% Pd/C 
(0.0215 g; 0.02020 mmol), nitrobenzene (0.1304 g; 
1.059 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 
(5mL/min),600C 
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Figures 4.14  Conversion and selectivity plot- 2,6-dichlorophenol  
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(for reaction conditions see Figure 4.13) 
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Figures 4.15  Hydrodechlorination of 2,4,6-TCP with 10% Pd/C and  
H2 
Conditions: 2,4,6-TCP (1.0044 g; 5.087 mmol), 10% 
Pd/C (0.0212 g; 0.01992 mmol), nitrobenzene (0.1304 g; 
1.059 mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (5 
mL/min), 600C  
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Figure 4.16  Conversion and selectivity plot- 2,4,6-trichlorophenol  
(for experimental conditions see Figure 4.15) 
 
In order to obtain specific comparative rate data, a number of chlorinated 
phenols (4-CP, 2-CP, 2,4-DCP, 2,6-DCP and 2,4,6-TCP) were 
hydrodechlorinated. The results in Table 4.7 suggest that the nature and the 
position of chlorine on the aromatic ring have an influence on the rate of the 
reaction. This reaction rate data is also graphically illustrated in Figure 4.17. 
Thus 2,4,6-trichlorophenol, which have three chlorine substituents, gave higher 
reaction rates than 2,6-dichlorophenol. On the other hand, 2,4-dichlorophenol 
gave lower reaction rates than 2,6-dichlorophenol. In the series, 4-
chlorophenol, 2-chlorophenol and 2,4-dichlorophenol, there is a reduction in 
the reaction rate when going from 4-chlorophenol to 2,4-dichlorophenol. The 
higher rate observed by 4-chlorophenol compared to 2-chlorophenol could be 
ascribed to the relative position of the chlorine atom on the aromatic ring and 
the ease of elimination of the chlorine atom from a para position (because it is 
less hindered, and thus more readily accessible to attack). 
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Similarly, 2,4,6-trichlorophenol gave lower rates of phenol formation than 2,6-
dichlorophenol and 2,4-dichlorophenol. This could be attributed to other 
competing reactions occurring in-situ for 2,4,6-trichlorophenol compared to the 
di-substituted chlorophenols. 4-Chlorophenol and 2-chlorophenol, overall, 
showed the highest rates of phenol formation compared to the other 
chlorophenols.   
 
Table 4.7 Comparison of the reaction rates of the hydrodechlorination 
of chlorinated phenols and the formation of phenol 
Reactant 
Rate of reactant 
consumption 
(M/min x10-3) 
Rate of phenol formation 
(M/min x10-3) 
4-CP -2.09 1.8 
2-CPb -1.80 2.4 
2,4-DCPc -0.915 1.2 
2,6-DCPd -2.89 0.85 
2,4,6-TCP -2.91 0.52 
Conditions(a): 4-CP (0.6429 g; 5.023 mmol), 10% Pd/C (0.0510 g; 0.04792 
mmol), nitrobenzene (0.2067 g; 1.6805 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(b): 2-CP (0.6553 g; 5.120 mmol), 10% Pd/C (0.0515 g; 0.04839 
mmol), nitrobenzene (0.2067 g; 1.6805 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(c): 2,4-DCP (0.8148 g; 5.030 mmol), 10% Pd/C (0.0509 g; 0.04783 
mmol), nitrobenzene (0.2067 g; 1.6805 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(d): 2,6-DCP (0.8139 g; 5.024 mmol), 10% Pd/C (0.0512 g; 0.04811 
mmol), nitrobenzene (0.2067 g; 1.6805 mmol), 15.00 mL MeOH, 5.00 ml H2O, 
H2 (30 mL/min), 600C  
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Conditions(d): 2,4,6-TCP (0.9881 g; 5.016 mmol), 10% Pd/C (0.0518 g; 0.04868 
mmol), nitrobenzene (0.2158 g; 1.755 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
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Figure 4.17 Comparison of the percentage conversion of 2,4,6-TCP (), 
2,6-DCP (), 2,4-DCP (), 2-CP (), and 4-CP () over 10% 
Pd/C as a function of hydrodechlorination time at 600C 
 
4.3.5.1 Hydrodechlorination of 2-chlorophenol 
 
The major reaction product for the hydrodechlorination of 2-chlorophenol is 
phenol. For example, the hydrodechlorination of 2-chlorophenol (0.6553 g; 
5.201 mmol) in methanol (15.00 mL) and water (5.00 mL) containing 10% Pd/C 
(0.0515 g) at a reaction temperature of 600C results in the formation of phenol 
(97.2 mol%) and cyclohexanone (2.8 mol%) after a reaction time of 60 
minutes. The results are summarized in the product distribution diagram as 
illustrated in Figure 4.18. 
 
2-Chlorophenol is thus rapidly hydrodechlorinated to phenol and 
cyclohexanone. 2-Chlorophenol is hydrodechlorinated at a rate much slower 
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than the parent substrate, 2,6-dichlorophenol. Likewise, phenol undergoes 
hydrogenolysis at a significantly slower rate than the hydrodechlorination of 2-
chlorophenol to yield cyclohexanone (see Table 4.18). This explains the lower 
concentrations of cyclohexanone compared to phenol in the reaction mixture. 
The result also suggests that cyclohexanone is a direct product of phenol 
hydrogenolysis. 
 
Table 4.8 Comparative reaction rates for 2-chlorophenol and phenol 
Substrate Ratea (M/min x10-3) 
2-chlorophenolb -1.80 
Phenolc -0.258 
a Determined at 30 minutes 
Conditions(b): 2-CP (0.6553 g; 5.201 mmol), 10% Pd/C (0.0515 g; 0.04839 
mmol), nitrobenzene (0.2067 g; 1.681 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(c): Phenol (0.4730 g; 5.086 mmol), 10% Pd/C (0.0510 g; 0.04792 
mmol), nitrobenzene (0.1985 g; 1.614 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C 
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Figure 4.18 Product distribution diagram for Pd/C hydrodechlorination  
of 2-chlorophenol (for experimental conditions see Table 
4.18) 
 
A graphical representation of the hydrogenolysis of phenol to cyclohexanone is  
Illustrated in Figure 4.19.  
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Figure 4.19 Product distribution diagram for Pd/C hydrogenolysis of  
phenol (for experimental conditions see Table 4.8) 
 
4.3.5.2 Co-hydrodechlorination of 2,6-dichlorophenol and 2-
chlorophenol 
 
Figure 4.20 shows the variation in the relative amounts of reaction 
intermediates during the Pd/C-catalysed co-hydrodechlorination of 2,6-
dichlorophenol and 2-chlorophenol. 
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Figure 4.20 Co-hydrodechlorination of 2,6-dichlorophenol and  
2-chlorophenol  
Conditions: 2-CP (0.3704 g; 2.894 mmol), 2,6-DCP (0.4705 g; 
2.904 mmol), 10% Pd/C (0.0513 g; 0.04821 mmol), 
nitrobenzene (0.2209 g; 1.796 mmol), 15.00 mL MeOH, 5.00 
mL H2O, H2 (30 mL/min), 600C  
 
It can be seen that the average rate of consumption of 2-chlorophenol is 
significantly faster than the average rate of consumption of 2,6-dichlorophenol. 
The initial rate consumption of 2,6-dichlorophenol is somewhat suppressed 
due to the preferential hydrodechlorination of 2-chlorophenol. This is somewhat 
surprising since the results obtained during when using the individual 
components as substrates suggest that the hydrodechlorination of 2,6-
dichlorophenol occurs at a faster rate than the hydrodechlorination of 2-
chlorophenol. This could possibly be attributed to the preferential adsorption 
rate of 2-chlorophenol on the catalyst surface, as compared to that of 2,6-
dichlorophenol, thus leading to an increase in the rate of 2-chlorophenol 
hydrodechlorination during the co-hydrodechlorination with 2,6-dichlorophenol. 
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The experimental data from the 2,6-dichlorophenol hydrodechlorination gives 
rise to a typical parallel-consecutive second order reaction similarly to benzene 
chlorination.92 The data will be discussed in more detail in Chapter 5. Since 
hydrogen is supplied in excess, a pseudo-first order scheme was applied to the 
reaction scheme as illustrated in Scheme 4.4. The rate constants were 
determined by calculating the slopes of the graph for 2,6-dichlorophenol, 2-
chlorophenol and phenol illustrated in Figure 4.21 and Table 4.9 below. The 
ratio of rate constants, k3/k2 and k2/k1 were determined to be 0.030 and 4.71, 
respectively. This gives an indication that the reaction of phenol being 
hydrogenated to cyclohexanone proceeds very slowly compared to the 
hydrodechlorination of 2-chlorophenol.  
 
Table 4.9 Pseudo first-order rate constants 
Rate constant (min-1 x 10-3) k2/k1 k3/k2 
k1 8.4 
k2 39.6 
k3 1.2 
4.71 0.0303 
For reaction conditions see Figure 4.21 
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Figure 4.21 Reaction rate plot  
Conditions: 2,6-DCP (0.8139 g; 5.024 mmol), 10% Pd/C 
(0.0512 g; 0.04811 mmol), nitrobenzene (0.2067 g; 1.6805 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C  
Conditions: 2-CP (0.6553 g; 5.120 mmol), 10% Pd/C (0.0515 
g; 0.04839 mmol), nitrobenzene (0.2067 g; 1.6805 mmol), 
15.00 mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C  
Conditions: Phenol (0.4730 g; 5.032 mmol), 10% Pd/C (0.0510 
g; 0.04792 mmol), nitrobenzene (0.1985 g; 1.614 mmol), 15.00 
mL MeOH, 5.00 mL H2O, H2 (30 mL/min), 600C  
 
The most notable of the products formed in both the hydrodechlorination of 
2,6-dichlorophenol and 2,4,6-trichlorophenol is cyclohexanone. Cyclohexanone 
is formed due to ring hydrogenation of phenol as simplified in Scheme 4.5. 
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Scheme 4.5 Hydrogenolysis of phenol to cyclohexanone 
 
Yuan and Keane concluded that cyclohexanone was only detected after the 
hydrodechlorination of 2,4-dichlorophenol (substrate) and intermediate 
chlorophenols using Pd/C, whilst it was detected from the start of the reaction 
when using Pd/Al2O3 as catalyst. The formation of only cyclohexanone  is also 
surprising compared to findings by Roy et. al.75, who reported the additional 
formation of cyclohexanol from cyclohexanone during the Pd/Al2O3 assisted 
hydrodechlorination of 4-chlorophenol. This could possibly be ascribed to the 
type of catalyst and the reaction conditions used during their 
hydrodechlorination, since Bovkun et. al.91 reported the formation of 
cyclohexanol, cyclohexane and chloro-cyclohexane using a combined silica 
sol-gel entrapped Pd/Rh catalyst.  A schematic representation of possible 
reactions involved during phenol hydrogenolysis is depicted in Scheme 4.6.93 
During this specific reaction 1-cyclohexenol, in particular, undergoes 
tautomerism to form cyclohexanone. 
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Scheme 4.6 2,4,6-Trichlorophenol hydrodechlorination products  
(adapted from Mihailović et. al.93) 
 
4.3.6 Effect of pH on the rate of hydrodechlorination  
 
The process of hydrodechlorination of chlorinated aromatic compounds occurs 
by the cleavage of a carbon-chlorine bond by utilizing hydrogen and an active 
metal catalyst, typically a noble metal on an appropriate support. During the 
course of the reaction, HCl is generated. To further illustrate this, pH 
measurements were taken at regular intervals as the reaction proceeded (see 
Table 4.10 and Figure 4.22). The data indicates a drop in the pH of the 
reaction medium. This could typically be attributed to the formation of an acidic 
environment.  Concibido et. al.86 reported the formation of HCl during the 
hydrodechlorination of PCE. They reported the deactivation of the catalyst 
during the course of the reaction and attributed it to the competing adsorption 
of HCl with chlorinated compounds. Urbano et. al. 94 have reported a general 
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mechanism for the influence of HCl on a palladium catalyst (as proposed by 
Coq et. al.)95 and this is depicted below. It indicates that the 
hydrodechlorination and deactivation mechanism of palladium by HCl takes 
place simultaneously. This could explain the drop in reaction rate during 
hydrodechlorination experiments. 
 
HClHPdHClPd
HClPdHClHPd
HCClPdClHCHPd
2
2
)g(66)g(56



 
 
Scheme 4.7 Deactivation mechanism of Pd/C by HCl (adapted from 
Urbano et. al.)94 
 
Table 4.10 shows the relative amount of chloride ions generated during the 
course of the reaction. It indicates a sharp increase in the amount of chloride 
ions, thus supporting the fact that HCl is generated during the course of the 
reaction as depicted by the drop in pH of the reaction medium. Besides HCl, 
NaCl also proves to affect the rate of dechlorination. This was observed in the 
activity of the catalyst during hydrodechlorination. The activity is significantly 
affected in organic solvents, with water being reported to yield complete 
hydrodechlorination within 35 minutes of reaction time. Water proved to be 
beneficial in that it completely dissociates the NaCl into its corresponding ions, 
thus causing no catalyst inhibition due to competing adsorption on the catalyst 
surface. Yuan and Keane83 also reported the loss in activity of Pd/C and 
Pd/Al2O3 due to the leaching of active metal (Pd) from the support. This was 
attributed to the presence of HCl formed during the hydrodechlorination of 2,4-
dichlorophenol. Thus the presence of HCl will influence the solution pH and 
hence the overall rate of oxidation.   
 
In view of the above considerations, it was of interest to study the 2,4,6-
trichlorophenol and 2,6-dichlorophenol hydrodechlorination reactions in the 
  
 
120
presence of added inorganic bases to determine whether there is a sufficient 
selectivity advantage in using different bases, and whether they offer a better 
reaction rate without compromising the selectivity towards phenol. It was 
therefore decided to study the effect that various bases (viz. NH4OH, 
NaC2H3O2.3H2O, NaOH and NaHCO3) will have on the reaction rate and the 
selectivity towards phenol. 
 
Table 4.10 pH Variation data: 2,6-dichlorophenol* 
Time (min) pH 
Amount Cl- 
(mmol) 
0 4.68 0.000363 
30 1.29 0.897 
60 1.03 1.637 
90 0.92 2.116 
120 0.79 2.822 
150 0.70 3.501 
180 0.63 4.085 
210 0.60 4.424 
240 0.56 4.773 
270 0.55 4.956 
300 0.53 5.069 
*For reaction conditions see Figure 4.22 
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Figure 4.22 pH Variation during the hydrodechlorination of 2,6-DCP with  
10% Pd/C and hydrogen  
Conditions: 2,6-DCP (0.8211 g; 5.069 mmol), 10% Pd/C 
(0.0208 g; 0.01955 mmol), nitrobenzene (0.2001 g; 1.627 
mmol), 15.00 mL MeOH, 5.00 mL H2O, H (30 mL/min), 600C 
 
4.3.7 Effect of added base on hydrodechlorination 
 
In the previous section (§ 4.3.6), it was shown that the hydrodechlorination 
reaction of 2,6-dichlorophenol gives rise to a lowering in the pH of the reaction 
medium from around a pH of 5 to a pH of <1. The presence of such low pH can 
prove to be detrimental in terms of the type of construction material used in 
batch reactors, thus making the choice of reactor critical. The acidic 
environment also creates a problem in terms of the leaching of noble metal (in 
this case Pd) from the catalyst support, thus leading to the loss of active metal, 
crucial for the hydrodechlorination, and a lowering of the overall reaction rate. 
This could also impact on the overall selectivity of the hydrodechlorination 
reaction towards intermediates, in particular phenol.  
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To further improve the rate of hydrodechlorination, different bases can be 
added for this purpose. While the addition of a base to the reaction medium 
may improve the kinetics of hydrodechlorination, selectivity may be adversely 
affected if the choice of base is not carefully made. For instance, Yuan and 
Keane83,90 proved that the hydrodechlorination activity of 2,4-dichlorophenol as 
substrate, and the selectivity towards the hydrodrodechlorination products, 
were strongly dependent on the concentration of NaOH during the 
hydrodechlorination with Pd/Al2O3 and Pd/C. The selectivity towards 2-
chlorophenol was higher at high concentrations of NaOH (> [0.05M]). However, 
although advantageous, using high concentrations of NaOH causes the 
leaching of the active metal from the support. 
 
In view of the fact that an added base can improve the hydrodechlorination 
reaction rate as well as improve the selectivity towards certain dechlorinated 
products, it was of interest to determine what the effect of different bases 
would have during this investigation. Parameters that will be discussed include 
the reaction rate and selectivity towards phenol, and cyclohexanone in 
particular. 
 
Different bases, viz. NH4OH, NaC2H3O2.3H2O, NaOH and NaHCO3 were 
tested for their effect on hydrodechlorination rates during the 
hydrodechlorination of 2,6-dichlorophenol and 2,4,6-trichlorophenol. The 
results, comparing the conversion of these substrates and the selectivity 
towards phenol and cyclohexanone (arising from phenol hydrogenation) after 
120 minutes of reaction time, are summarised in Table 4.11. 
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Table 4.11 Rate and selectivity comparison of 2,6-DCP and 2,4,6-
TCP hydrodechlorination using different bases 
Selectivityc 
(% mmol) Base 
[Base] 
(mol/dm3) 
Conversiona
(% mmol) 
Rateb 
(M/min)
Phenol Cyclohexanone
2,6-DICHLOROPHENOL 
NH4OHd 0.034 100 -2.09 94.91 5.09 
NaC2H3O2.3H2Oe 0.034 96.21 -2.01 93.44 3.45 
NaOHf 0.037 93.97 -1.97 91.27 3.13 
NaHCO3g 0.033 91.87 -1.91 89.80 2.82 
2,4,6-TRICHLOROPHENOL 
NH4OHh 0.034 78.59 -1.64 74.82 4.30 
NaC2H3O2.3H2Oi 0.034 71.83 -1.54 70.92 3.99 
NaOHj 0.039 64.92 -1.37 75.51 3.11 
NaHCO3k 0.035 73.84 -1.56 72.51 4.21 
a, b, c  Determined at 120 minutes 
Conditions(d): 2,6-DCP (0.8190 g; 5.056 mmol), 10% Pd/C (0.0518 g; 0.04869 
mmol), nitrobenzene (0.2038 g; 1.655 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(e): 2,6-DCP (0.8163 g; 5.039 mmol), 10% Pd/C (0.0513 g; 0.04821 
mmol), nitrobenzene (0.2067 g;  mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 
mL/min), 600C  
Conditions(f): 2,6-DCP (0.8210 g; 5.068 mmol), 10% Pd/C (0.0511 g; 0.04802 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(g): 2,6-DCP (0.8223 g; 5.076 mmol), 10% Pd/C (0.0513 g; 0.04821 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(h): 2,4,6-TCP (0.9902 g; 5.026 mmol), 10% Pd/C (0.0517 g; 0.04858 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
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Conditions(i): 2,4,6-TCP (1.0131 g; 5.143 mmol), 10% Pd/C (0.0516 g; 0.04849 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(j): 2,4,6-TCP (0.9992 g; 5.072 mmol), 10% Pd/C (0.0513 g; 0.04821 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(k): 2,4,6-TCP (1.0028 g; 5.090 mmol), 10% Pd/C (0.0519 g; 0.04877 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
 
For comparative reasons, the concentration of base was kept to 0.03M. The 
results show that when a base such as NH4OH is used, the reaction rate was 
higher compared to other bases. Typically, during the hydrodechlorination of 
2,6-dichlorophenol, a conversion of 100% was achieved in 2 hours of reaction 
time using NH4OH, compared to 96.21%, 93.97% and 91.87% for 
NaC2H3O2.3H2O, NaOH and NaHCO3, respectively. The results of these 
experiments are summarised in Tables 4.11 and 4.12 and Figure 4.23- 4.28. 
Using NH4OH as base also gives rise to a phenol and cyclohexanone 
selectivity of 94.91% and 5.09%, respectively. The reaction rate was 2.09 x10-3 
M/min compared to lower rates for the other bases.  
 
Similarly, the hydrodechlorination of 2,4,6-trichlorophenol with NH4OH as base 
gave a high reaction rate (1.64 x10-3M/min), a conversion of 78.59% and a 
phenol and cyclohexanone selectivity of 74.82% and 4.30%, respectively, 
compared to the other bases tested. In both NH4OH cases, the different 
substrates gave high selectivities to cyclohexanone. This indicates that the 
hydrogenolysis of phenol to cyclohexanone is favoured using NH4OH, in light 
of the higher reaction rates and conversion achieved. 
 
Thus it was considered to investigate the effect of using different NH4OH 
concentrations during the hydrodechlorinations of 2,6-dichlorophenol and 
2,4,6-trichlorophenol. The results of these investigations are summarised in 
Table 4.12 and Figures 4.23- 4.28. 
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Table 4.12 Rate and selectivity comparison of 2,6-DCP and 2,4,6-
TCP hydrodechlorination using NH4OH 
Selectivityc 
(% mmol) 
Vol 
base 
(mL) 
[Base] 
(moL/dm3) 
Conversiona
(% mmol) 
Rateb 
(M/min) 
Phenol Cyclohexanone
2,6-DICHLOROPHENOL 
0d 0 40.37 0.170 60.71 0 
0.05e 0.034 89.43 0.375 93.52 1.12 
0.1f 0.068 63.04 0.269 88.13 0.10 
0.2g 0.14 59.44 0.253 84.16 0.12 
0.4h 0.27 71.65 0.322 85.00 0 
2,4,6-TRICHLOROPHENOL 
0i 0 54.83 2.28 64.95 1.83 
0.05j 0.034 61.95 2.58 64.74 1.51 
0.1k 0.068 57.23 2.41 60.81 1.16 
0.2l 0.14 58.41 2.42 53.80 0.89 
0.4m 0.27 69.60 2.90 63.58 1.01 
a, b, c determined after 60 minutes 
Conditions(d): 2,6-DCP (0.8215 g; 5.071 mmol), 10% Pd/C (0.0506 g; 0.04755 
mmol), nitrobenzene (0.2038 g; 1.655 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(e): 2,6-DCP (0.8190 g; 5.056 mmol), 10% Pd/C (0.0518 g; 0.04868 
mmol), nitrobenzene (0.2067 g;  mmol), 15.00 mL MeOH, 5.00 mL H2O, H2 (30 
mL/min), 600C  
Conditions(f): 2,6-DCP (0.8329 g; 5.141 mmol), 10% Pd/C (0.0515 g; 0.04839 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(g): 2,6-DCP (0.8315 g; 5.133 mmol), 10% Pd/C (0.0513 g; 0.04821 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
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Conditions(h): 2,6-DCP (0.8341 g; 5.149 mmol), 10% Pd/C (0.0518 g; 0.04868 
mmol), nitrobenzene (0.2097 g; 1.703 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C 
Conditions(i): 2,4,6-TCP (0.9881 g; 5.016 mmol), 10% Pd/C (0.0508 g; 0.04774 
mmol), nitrobenzene (0.2158 g; 1.755 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(j): 2,4,6-TCP (0.9871 g; 5.011 mmol), 10% Pd/C (0.0512 g; 0.04811 
mmol), nitrobenzene (0.2158 g; 1.755 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(k): 2,4,6-TCP (0.9984 g; 5.068 mmol), 10% Pd/C (0.0513 g; 0.04821 
mmol), nitrobenzene (0.2158 g; 1.755 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(l): 2,4,6-TCP (0.9817 g; 4.983 mmol), 10% Pd/C (0.0514 g; 0.04830 
mmol), nitrobenzene (0.2187 g; 1.778 mmol), 15.00 mL MeOH, 5.00 mL H2O, 
H2 (30 mL/min), 600C  
Conditions(m): 2,4,6-TCP (0.9866 g; 5.008 mmol), 10% Pd/C (0.0510 g; 
0.04792 mmol), nitrobenzene (0.2068 g; 1.681 mmol), 15.00 mL MeOH, 5.00 
mL H2O, H2 (30 mL/min), 600C. 
 
Table 4.12 shows the change in hydrodechlorination reaction rate and 
selectivity towards phenol and cyclohexanone when 2,4,6-trichlorophenol and 
2,6-dichlorophenol are hydrodechlorinated using varying concentrations of 
NH4OH. The results show that, when no base is used, the rate of the reaction 
is slow. Typically, 2,6-dichlorophenol gives a conversion of 40.37%, a reaction 
rate of 0.170 M/min and a phenol and cyclohexanone selectivity of 60.71% and 
0%, respectively. Similarly, 2,4,6-trichlorophenol gives a conversion of 54.83%, 
a reaction rate of 2.28 M/min, and a phenol and cyclohexanone selectivity of 
64.95% and 1.83%. A comparison of results of the substrates shows that 2,4,6-
trichlorophenol gives a higher reaction rate and conversion compared to 2,6-
dichlorophenol when no base is added. This is to be expected since a more 
chlorine-substituted substrate leads to faster reaction rates based on the ease 
of chlorine removal during hydrodechlorination reactions. The absence of 
cyclohexanone during 2,6-hydrodechlorination is probably due to the slower 
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rate and lower conversion of 2,6-dichlorophenol towards 2-chlorophenol as 
well as the fact that 2-chlorophenol hydrodechlorination proceeds readily 
based on rate data discussed in § 4.3.5.1.  
 
The conversion of 2,6-DCP decreases as the concentration of NH4OH is 
increased from 0.034 to 0.068 to 0.4M. Similarly, the rate also decreases in the 
same order for this substrate. The conversion of 2,4,6-TCP follows the same 
trend with the exception of a concentration of NH4OH of 0.14M, where slight 
increases were observed for both the conversion and rate as compared to a 
concentration of 0.068M. The phenol selectivity decreased for both substrates 
as the concentration of NH4OH was increased from 0.034M to 0.14M. 
 
The use of 0.27M base proved to cause a decrease in the reaction rate of the 
2,6-dichlorophenol hydrodechlorination as compared with 0.034M NH4OH. The 
reaction rate and conversion was determined to be 0.322 M/min and 71.65% 
compared to 0.375 M/min and 89.43% at a 0.034M base loading. However, the 
same concentration proved to be beneficial towards the hydrodechlorination 
rate of 2,4,6-trichlorophenol, where a reaction rate of 2.90 M/min and a 
conversion of 69.60% was obtained compared to 2.58 M/min and 61.95% at a 
0.05M concentration. In both instances of high NH4OH loading, no 
cyclohexanone was detected when 2,6-DCP was hydrodechlorinated, and only 
low levels (1.01%) were detected for the hydrodechlorination of 2,4,6-
trichlorophenol after 60 minutes of reaction time. 
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Figure 4.23 Comparison of the percentage conversion of 2,6-DCP using  
different concentrations of NH4OH 
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Figure 4.24 Conversion and phenol selectivity plot for the 2,6-DCP  
hydrodechlorination using different concentrations  
of NH4OH 
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Figure 4.25 Conversion and cyclohexanone selectivity plot for the  
2,6-DCP hydrodechlorination using different concentrations  
of NH4OH 
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Figure 4.26 Comparison of the percentage conversion of 2,4,6-TCP  
using different concentrations of NH4OH 
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Figure 4.27 Conversion and phenol selectivity plot for the 2,4,6-TCP  
hydrodechlorination using different concentrations  
of NH4OH 
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Figure 4.28 Conversion and cyclohexanone selectivity plot for the  
2,6-DCP hydrodechlorination using different concentrations  
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of NH4OH 
 
4.3.8 Effect of temperature 
 
Reaction temperature is an important parameter during hydrodechlorination 
reactions. It not only determines the reaction rates, but also has an influence 
on the selectivity of reaction intermediates and products. It also affects the gas 
to liquid transport rates of gaseous feeds such as hydrogen. Usually a higher 
temperature is favourable from a commercial perspective in order to increase 
production rates. Another factor that plays an important role in temperature 
selection is the minimisation of unwanted side reactions occurring from further 
reaction, or decomposition of the required products. Operating conditions have 
to therefore be selected carefully when choosing an optimal reaction 
temperature range without compromising the selectivity of the desired 
products. 
 
In the present study, we have compared the hydrodechlorination of 2,6-
dichlorophenol and 2,4,6-dichlorophenol in the presence of 10% Pd/C catalyst 
at four different temperatures, viz. 230C, 400C, 600C and 800C. The reaction 
conditions are depicted in Tables 4.13 and 4.14 and Figures 4.29- 4.34. 
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Table 4.13 Effect of temperature: rate and selectivity data (2,6-dichlorophenol) 
Amount (%) 
Conversion Phenol Cyclohexanone 
Time 
(min) 
230C 400C 600C 800C 230C 400C 600C 800C 230C 400C 600C 800C 
0 0 0 0 0 0 0 0 0 0 0 0 0 
60 85.97 89.43 88.76 23.33 76.76 93.52 87.08 51.66 0.92 1.12 1.61 0 
120 95.40 100 97.59 40.43 86.97 94.91 92.06 70.01 1.91 5.09 4.23 0 
180 98.02 100 100 57.04 91.20 89.58 91.54 82.12 3.24 10.42 6.89 0 
 
Table 4.14 Effect of temperature: rate and selectivity data (2,4,6-trichlorophenol) 
Amount (%) 
Conversion Phenol Cyclohexanone 
Time 
(min) 
230C 400C 600C 800C 230C 400C 600C 800C 230C 400C 600C 800C 
0 0 0 0 0 0 0 0 0 0 0 0 0 
60 61.95 62.61 49.81 19.70 64.74 61.75 55.31 36.86 1.51 1.81 1.55 0 
120 78.59 76.07 61.97 30.56 74.82 69.17 62.20 49.00 4.30 3.79 2.65 0 
180 86.72 84.18 69.22 38.60 77.81 73.32 66.58 57.16 8.04 6.10 3.58 0.19 
240 90.97 88.20 74.99 48.32 78.34 74.65 68.99 64.22 12.38 8.28 4.65 0.26 
300 93.80 90.71 78.38 56.47 76.63 74.76 71.00 69.72 16.30 10.72 5.55 0.51 
  
 
133
Time (min)
0 20 40 60 80 100 120 140 160 180 200
%
 m
m
ol
0
20
40
60
80
100
phenol (230C)
cyclohexanone (230C)
phenol (400C)
cyclohexanone (400C)
phenol (600C)
cyclohexanone (600C)
phenol (800C)
cyclohexanone (800C)
 
Figure 4.29 Effect of temperature: yield plot (2,6-dichlorophenol) 
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Figure 4.30 Effect of temperature on conversion and phenol selectivity  
(2,6-dichlorophenol) 
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Figure 4.31 Effect of temperature on conversion and cyclohexanone 
selectivity (2,6-dichlorophenol) 
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Figure 4.32 Effect of temperature: yield plot (2,4,6-trichlorophenol) 
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Figure 4.33 Effect of temperature on conversion and phenol selectivity  
(2,6-dichlorophenol) 
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Figure 4.34 Effect of temperature on conversion and cyclohexanone  
selectivity (2,6-dichlorophenol) 
 
The hydrodechlorination results for the temperature studies of 2,6-DCP are shown 
in Table 4.13 and Figures 4.29- 4.31.  Table 4.13 shows that 2,6-dichlorophenol is 
hydrodechlorinated at a faster rate at 400C. The conversion of 2,6-DCP decreases 
as the temperature is increased from 400C to 600C to 800C. The use of a 
temperature of 230C also proved to cause an increase in the conversion rate of 
2,6-dichlorophenol as compared to 800C. The order of reaction rates for 2,6-
dichlorophenol follow the order 400C>230C>600C>800C. In contrast to this, 2,4,6-
trichlorophenol is hydrodechlorinated faster at 230C (Table 4.14 and Figure 4.32- 
4.34). The reaction rate follows the order 400C>600C>230C>800C. This is 
surprising since it is usually expected that the reaction rate is much faster at higher 
temperatures. There is a significant decrease in the reaction rate for both 2,6-
dichlorophenol and 2,4,6-trichlorophenol hydrodechlorinations at 800C. Although it 
has not been proven here, one possible explanation could be the effect of 
hydrogen solubility. This however has to be investigated further outside the scope 
of this work. It has, for example, been reported that at high temperature (303K), 
the reaction rate is very similar during the Pd/C catalysed hydrodechlorination of 2-
  
 
137
chlorophenol and 4-chlorophenol using 1% Pd/C.96 The results obtained during 
this investigation in our laboratory, clearly show that the effect of reaction 
temperature on the hydrodechlorination of chlorophenols depends upon both the 
nature of the substrate being hydrodechlorinated, as well as on the composition of 
the catalyst employed in the hydrodechlorination. 
 
The comparison of reaction selectivity (Tables 4.13 and 4.14, and Figures 4.30, 
4.31, 4.33 and 4.34) show that during the 2,6 dichlorophenol hydrodechlorination 
(in a temperature range of 400C-600C), phenol is formed at a faster rate compared 
to 2,4,6-TCP hydrodechlorination. On the other hand, cyclohexanone is formed at 
a faster rate at 400C for 2,6-dichlorophenol and at 230C for 2,4,6-trichlorophenol. 
The results suggest a temperature dependence of selectivity and reaction rate 
during the hydrodechlorination of both substrates. No cyclohexanone was formed 
at 800C during the 2,6-dichorophenol hydrodechlorination, and only low levels of 
cyclohexanone were detected at this temperature range for the 
hydrodechlorination of 2,4,6-trichlorophenol. Bovkun et al.91 reported a decrease in 
the amount of cyclohexanone formed during the hydrodechlorination of 2-
chlorophenol with a Pd-Rh catalyst when the temperature was decreased from 
1000C to 200C.  Similarly, the amount of phenol increased over this temperature 
range, with the selectivity towards phenol being constant in a temperature range of 
200C-600C.  
 
Although the reaction rates and selectivity are lower at 800C, it proves to be 
beneficial in that it contributes to lower levels of byproducts such as 
cyclohexanone, especially when one takes into account the possible recycling and 
recovery of phenol during waste recovery/treatment.  
 
4.4 CONCLUSION 
 
The use of palladium on carbon-based catalysts for the liquid-phase 
hydrodechlorination of 2,6-dichlorophenol and 2,4,6-trichlorophenol proved to be 
efficient for application in mild industrial treatment of waste streams containing 
such compounds. The process offers the following potential advantages: 
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Higher selectivity towards phenol as a dechlorinated product. In current industrial 
processing setups where treatment of hazardous waste streams is of great 
importance, such a process proves to be beneficial in that it yields phenol, which is 
less toxic than its chlorinated counterparts. The product can therefore be easily 
recovered for further use in the process, or, if in low concentration, reduce the 
toxicity of the waste stream. This approach also tries to simplify the waste 
treatment process from a cost perspective. Although the use of noble metal 
catalyst proves to be costly, it provides ease of use in terms of setup, catalyst 
recovery and the use of mild reaction conditions.  
 
 The ease of use in terms of reactor design compared to gas-phase 
reactions. The process operates at less than 1000C with high substrate 
conversions possible in a short space of time. 
 
 The ease of recovery of solvents such as methanol based on its low 
boiling point compared to water. Also, the use of water proves to be 
useful in that it proves to be beneficial in terms of keeping the catalyst 
surface free from chlorides, which lead to catalyst deactivation. Water is 
also an inherent part of waste streams thus already adding to the 
beneficiation process.  
 
 The use of inexpensive bases such as NH4OH at low concentrations. 
 
It is clear from the results that a large number of experimental variables are 
important for the efficient hydrodechlorination of chlorophenols with dihydrogen in 
methanol/water systems. It is also important to note that other variables such as 
the effect of solvent, catalyst activation, gas dispersion and reactor configuration, 
to name a few, are important and were not studied in any detail. 
 
From the preceding considerations, it is obvious that the mild hydrodechlorination 
of chlorophenols offers substantial industrial application advantages. In order to 
assess the potential advantages, a large number of variables such as the effect of 
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solvent, catalyst activation, gas dispersion and reactor configuration, to name a 
few, are important, but these have not been studied here in any detail. 
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CHAPTER 5 
KINETICS 
 
5.1 INTRODUCTION 
 
The major applications of hydrodechlorination (dechlorination) reactions are found 
in the treatment of halogenated waste streams and solvents. Health risks related 
to chlorinated compounds, such as chlorinated phenols and aliphatic chlorinated 
solvents, such as chloroform and dichloromethane, have encouraged proclamation 
of more stringent legislation with regards the disposal of halogenated waste 
streams. Although halogenated compounds such as chlorinated phenols find a 
wide range of applications in plant protection and pharmaceutical compounds, 
their persistence in waste streams are of major concern with regard to 
biodegradability and health risks.  
 
The aim of this work was, on the basis of experimental data from the liquid phase 
hydrodechlorination reactions, to develop a kinetic model for the hydrogenation of 
chlorinated phenolic compounds for suitable use in the design and optimisation of 
liquid phase hydrogenations. To this end, the hydrogenation of 2,6-dichlorophenol 
and 2,4,6-trichlorophenol on a Pd/C catalyst was studied in a continuously stirred 
batch reactor. 2,6-Dichlorophenol was chosen as a basis to study the kinetic 
modelling of liquid phase hydrogenation reactions. 
 
Kinetic data of a particular reaction can also reflect a clear aspect of the reaction 
pathway that a specific reaction follows. There are usually three general types of 
complex reactions:92 
 
 Consecutive reactions of the type: 
 
BA   
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 Parallel reactions of the type: 
 
BA   
 
CA   
 
 And parallel-consecutive reactions of the type: 
 
CBA   
  
DBC   
 
EBD   
 
It will be shown later that the hydrodechlorination of 2,6-DCP forms part of the 
third type of reaction. The kinetics of a specific reaction can be very complicated 
as the number of steps in the reaction pathway increases, as shown by Shin and 
Keane57 below, during the gas-phase hydrodechlorination of 2,3,5-TCP at 573K 
(Scheme 5.1). W represents the weight of activated catalyst and F represents the 
molar flow rate of 2,4,5-trichlorophenol.  
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-d[2,3,5-TCP]/dW/F = (k1 + k2 + k6) [2,3,5-TCP] 
d[2,3-DCP]/dW/F = k1[2,3,5-TCP] – (k3+k4) [2,3-DCP] 
d[2-CP]/dW/F = k2[2,3,5-TCP] + k3[2,3-DCP] – k5[2-CP] 
d[phenol]/dW/F = k6[2,3,5-TCP] + k4[2,3-DCP] + k5[2-CP] 
 
Scheme 5.1 Hydrodechlorination of 2,3,5-TCP57 
 
 Since the simplification of the reaction pathway in the hydrodechlorination process 
of a substrate becomes complicated (as illustrated by this previous example), in 
order to mathematically determine the rate constants, only the simplified rate 
expressions for each pathway will be derived in the case of 2,6-DCP, instead of 
2,4,6-TCP. The simplified rate expressions will be compared to the experimentally 
determined kinetic data. Furthermore, the rate expressions for both substrates can 
be assumed to be pseudo-firstorder,20 based on the assumption that the supply of 
hydrogen gas to the liquid-phase reaction is fed at a constant rate, therefore 
having no effect on the concentration of this specific species in the reaction 
medium.  
 
 
OH
Cl
Cl
Cl Cl
Cl
OH
OH
Cl
OHk1
k2
k3
k4
k5
k6
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5.2 REACTION POSSIBILITIES 
 
5.2.1 Hydride transfer hydrogenolysis 
 
The formate ion is regarded as the active species during the transfer 
hydrogenolysis process. It is important to emphasize that formic acid and its salts 
decompose catalytically in the absence of a hydrogen acceptor according to the 
following schemes.50 In the case of alkali metal formates, the solvent (water or 
alcohol) takes part in the reaction to form bicarbonate species. 
 
22 COOHHCOOH        Scheme 5.2 
 
32222 MHCOHOHCOHOHHCOOM    Scheme 5.3 
 
3224 NHCOOHHCOONH       Scheme 5.4 
 
In view of the above reaction schemes, one can deduce a few reaction possibilities 
for hydrogen transfer hydrogenolysis: 
 
(1) In order for the hydrodechlorination reaction to occur, the formate ion 
needs to decompose first on the catalyst surface. 
(2) The decomposition of the formate ion also occurs in parallel with the 
hydrodechlorination process. 
(3) The formyl-ion hydrogen transfers to the substrate via the catalyst 
surface.  
 
The first possibility according to the above discussion is eliminated when hydrogen 
is used as reducing agent. Also, since no metal bicarbonate exists in solution, the 
parallel reaction of formate decomposition and hydrodechlorination is absent since 
no metal formate is used during ammonium formate transfer-hydrogenolysis. This 
therefore confirms that the hydrodechlorination of chlorophenols proceed via a 
hydride transfer mechanism to the substrate which occurs on the catalyst surface 
instead of hydrogen solely being formed.  
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According to Scheme 5.2, when formic acid is utilised as hydrogen source, 
hydrogen and carbon dioxide are evolved. The pathway depicted by Scheme 5.3 
illustrates that when a metal formate is used eg. sodium formate,  dissolution of 
the metal formate occurs in water. Decomposition of the formate ion and water 
occurs to yield H2, CO2 and OH-. Since CO2 dissolves in the basic solution, it gives 
rise to the formation of HCO3-.  
 
At this point in time, a reaction pathway for the transfer hydrogenolysis reaction 
can be proposed. Since the formate ion is the active species during 
hydrodechlorination, its dissociation occurs prior to hydrodechlorination. The 
decomposition occurs by the adsorption of the formate ion on the active metal 
surface. Dissociation then occurs with the liberation of CO2 and the formation of 
PdH-. The chlorophenol substrate then reacts with PdH- to form the dechlorinated 
product and Cl-. Alternatively, the hydride ion can also react with NH4+ to yield H2 
and NH3. In addition, the adsorption and reaction of 2,6-dichlorophenol occur in 
fast steps. 
  
The active hydrogen source of PdH- can exhibit different types of reaction types 
depending on the reaction environment. During hydride transfer hydrogenolysis, 
the active hydrogen source occurs as H-. Elsewhere,97 it has been shown that the 
type of catalyst and reaction conditions play a role as to which form of hydrogen 
species is present during the hydrodechlorination of chlorobenzene. Typically, 
when the reaction is performed using a Pd/C or Ni-Pd/C catalyst, both an ionic and 
radical mechanism can arise. When a Ni-based catalyst is used, ionic hydrogen is 
generated. However, under strong acidic conditions, an ionic mechanism is 
present rather than a radical mechanism when using Pd catalysts. 
 
A mechanistic approach to the ammonium formate assisted hydrodechlorination of 
2,6-DCP can be explained by the fact that this species and other intermediates 
formed react with an active hydride species (H-) formed on the surface of the 
palladium catalyst. The following mechanism was therefore proposed:50 
 
  414 NHHCOOKHCOONH     Scheme 5.5 
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ad
20 )HCOO(PdKHCOOPd       Scheme 5.6 
 
2
slow
ad COPdH)HCOO(Pd        Scheme 5.7 
 
ad362
fast
362 )OHHCCl(PdHOHHCClPdH     Scheme 5.8 
 
  ClOHHClCPd)OHHCCl(PdH 460fastad362   Scheme 5.9 
 
ad46
fast
46 )OHHClC(PdHOHHClCPdH      Scheme 5.10 
 
  ClOHHCPd)OHHClC(PdH 560fastad46   Scheme 5.11 
 
 
 
 
 
 
 
5.2.2 Hydrodechlorination using dihydrogen 
 
A summary of the possible reactions is given below: 
 
..
2
0 HPdHHPd        Scheme 5.12 
 
HClCP2PdDCP6,2PdH 0.     Scheme 5.13 
 
HClPhenolPdCP2PdH 0.     Scheme 5.14 
 
oneCyclohexanPdPhenolPdH 0.     Scheme 5.15 
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In Schemes 5.13 to 5.15, the active Pd0 species is reformed, but its presence in 
the reaction medium strongly competes with its reaction with the formed 
hydrochloric acid (HCl) to generate PdCl2 that significantly affects the catalyst 
lifetime and the catalyst activity.68 The existence of cyclohexanone is evident in the 
reaction mixture due to further reduction of the phenol species. Mihailović and 
Ceković,93 proposed a mechanism whereby phenol is reduced to form the short-
lived intermediate cyclohexadienol and cyclohexenol species. 1-Cyclohexenol 
subsequently tautomerises to cyclohexanone (Scheme 5.16). 
 
+ + + +
+ +
OH OH OH OH OH
OH OH OH
OH
O
 
Scheme 5.16 Illustration of phenol conversion to cyclohexanone 
(Adapted from Mihailović et. al. 93)  
 
Tautomerisation of 1-cyclohexenol to cyclohexanone would be expected to take 
place since the keto form is more stable than the enol form by 18 kcal/mol. This 
would account for the presence of cyclohexanone in the reaction mixture without 
requiring that cyclohexanones are intermediates directly involved in the formation 
of cyclohexanols.  
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Chen20 and Walter et. al.98 based their kinetic assumption on the mechanism 
proposed by Langmuir-Hinselwood. During this investigation, using dihydrogen as 
reductant, the same mechanism has been used and is now outlined:  
 Migration of reactant from bulk solution to catalyst/solution interface 
 Pore diffusion of reactant 
 Adsorption of reactant 
 Intrinsic reaction at active site 
 Desorption of product 
 Pore diffusion of product outwards to bulk solution 
 
With a few assumptions, one can deduce that the concentration of reactant at the 
catalyst surface (CS) will be less than it’s concentration in the bulk solution (CB). 
Therefore CS < CB. Also, the concentration of reactant in the pores of the catalyst 
will be less than that at the catalyst surface (Ccentre < CS). The symbol (*) denotes 
an active site or active species/substrate. 
 
)CC(.kArate surfacebulk AAA       Equation 5.1 
     
r
A.A
d
dCDArate         Equation 5.2 
DA = Diffusion coefficient of substrate A 
 
*
A1 C.C.kArate         Equation 5.3 
which relates to the activation of substrate A by an active site (*) 
** AA   
 
2*
H.12 C.CkHrate 2       Equation 5.4 
and the activation of H2 by two active sites (2*)  
**
2 H22H   
 
** HA.3 C.CkArate        Equation 5.5 
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 which relates to the reaction taking place between substrate A an the dissociated 
hydrogen molecule  
HCl2CHA ****    
  
*C.C CkCrate         Equation 5.6 
Similarly the product formed (C), dissociates from the active site (*)  
** CC   
        
r
C.C
d
dCDCrate         Equation 5.7 
DC = Diffusion coefficient of product C 
 
)CC(.kCrate bulksurface CCC        Equation 5.8 
Assuming steady state conditions:   
*
reverse2forward H2
2*
H2
* C.kC.C.k0Hrate     Equation 5.9 
2*
H
2
2
H CC
k
kC .2
reverse
forward
*        Equation 5.10 
 
Similarly,   
2*
HCl
*
3H3
* C.C.C.kC.C.k0Crate reverse**Aforward    Equation 5.11 
k
k
C
CC
k
kC forward
*
.
*
C
reverse
forward
*
2
A
HCl
3
3
H       Equation 5.12 
 
5.3 DISCUSSION OF RESULTS 
 
5.3.1 Typical reaction profile 
 
Figure 5.1 depicts a typical distribution diagram for the hydrodechlorination of 2,6-
DCP using dihydrogen as reducing agent. These diagrams can be used to give 
accurate information about the progress of the reaction, the rate of product 
formation and the rate of substrate consumption.  
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It shows that the substrate 2,6-DCP is hydrodechlorinated and converted to the 
intermediate 2-CP. The 2-CP concentration rises to a maximum, before gradually 
decreasing due to conversion to phenol. At the same time, phenol is also 
converted at a slower rate to form cyclohexanone. The diagram shows the solution 
composition, in terms of the relative percentage, as a function of time. 2,6-DCP is 
hydrodechlorinated to form the intermediates, 2-CP, phenol and the product 
cyclohexanone.  
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Figure 5.1 Product distribution diagram for the hydrodechlorination of  
2.6-DCP 
Reaction conditions: 2,6-DCP (0.8139 g; 5.024 mmol), 
nitrobenzene (0.2158 g; 1.755 mmol), 10% Pd/C (0.0512 g; 
0.04811 mmol), MeOH (15.00 cm3), H2O (5.00 cm3), H2 (30 
cm3/min), temperature (600C), time (3 hrs) 
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5.3.2 Hydrodechlorination of 2,6-DCP 
 
The hydrodechlorination of 2,6-DCP to the corresponding 2-CP, phenol and further 
conversion to cyclohexanone, can be represented as a parallel- consecutive 
second order reaction as shown by the following reaction scheme: 
 
 
OH
Cl Cl
OH
Cl
OH
Cl
OH
OH
+  H2
+  H2
+  H2
k1
k2
k3
O
 
 
Scheme 5.17 Hydrodechlorination kinetic scheme of 2,6-DCP 
 
BkXA 1  
 
CkXB 2  
 
DkXC 3  
 
 
where: A = 2,6-DCP 
  B = 2-CP 
  C = Phenol 
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  D = Cyclohexanone 
  X = Dihydrogen 
 
The above equation represents the hydrodechlorination of 2,6-DCP with hydrogen 
in the presence of a Pd/C catalyst. This reaction is a parallel-consecutive second 
order reaction. Since hydrogen is the reactant that is fed at a continuous rate in 
excess, the reaction can be simplified to be pseudo- first order,20 to eliminate the 
factor X (which represents H2 in this case) in the above equation. If it is assumed 
that k1, k2 and k3 are the first order rate constants for each step, then the following 
rate expressions can be written: 
 
dCA/dt = -k1CACX       Equation 5.13 
 
dCB/dt = k1CACX – k2CBCX      Equation 5.14 
 
dCC/dt = k2CBCX – k3CCCX      Equation 5.15 
 
dCD/dt = k3CCCX       Equation 5.16 
 
In these equations, CA, CB, CC and CD represent the concentration of A (2,6-
dichlorophenol), B (2-chlorophenol), C (phenol) and D (cyclohexanone), 
respectively, at time t. The concentrations of B, C and D at t=0 are known: CB = CC 
= CD = 0. Integration of the above equations92,99 and manipulation by taking the 
ratios of B/A0, C/A0, and D/A0, allows us to plot the theoretical values of each 
component. 
 
B/A0 = 1/2-1 ( -  2)      Equation 5.17 
 
C/A0 = 2 [ /(1 - 2)(1 - 3) + 2/(2 - 1)(2 - 3)  
+ 3/(1 - 3)(2 - 3) ]     Equation 5.18  
D/A0 = 1 - 23/(1 - 2)(1 - 3) - 23/(2 - 1)(2 - 3)  
- 23/(1 - 3)(2 - 3)     Equation 5.19 
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where 2, 3 and  are represented by:  
 
2 = k2/k3 
3 = k3/k2 
 
 = At/A0 
 
From the slopes of the graphs in Figure 5.2, using the straight-line equation, k1, k2 
and k3 were determined to be 0.0084, 0.0396 and 0.0012, respectively. Table 5.1 
summarises the values calculated for the rate constants k1, k2 and k3. It was found 
that k1 > k2 > k3, since hydrodechlorination rates increases with increase in 
chlorine substitution. These values are depicted in Table 5.2 and Figure 5.3 for the 
hydrochlorination of 2,4,6-TCP, 2,6-DCP, 2,4-DCP 4-CP and 2-CP over 10% 
Pd/C. 2,6-DCP is hydrodechlorinated at a faster rate than the mono-chlorinated 
phenolic compounds such as 2-CP and 4-CP. Similarly, 2,4,6-TCP is 
hydrodechlorinated at a faster rate than 2,6-DCP. The hydrogenation of phenol to 
cyclohexenol and subsequently to cyclohexanone occurs much slower because 
ring hydrogenation is much slower compared to chlorine removal. 
 
From here the ratio of k2/k1 and k3/k2 can be calculated to determine the values for 
α1 and α3 as depicted above. The calculations for ratio of k2/k1(α1) and k3/k2 (α3)  
are shown below: 
 
α2 = k2/k1  
    = 0.0396/0.0084 
    = 4.71 
 
α3 = k3/k2  
    = 0.0012/0.0396 
    = 0.0303 
 
The experimentally determined values for k2/k1 and k3/k2 were found to be 4.71 
and 0.0303, respectively, by using the slopes of the graph represented by Figure 
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5.2. An example of the calculated values for 2-chlorophenol (B), phenol (C) and 
cyclohexanone (D) during 2,6-dichlorophenol hydrodechlorination at 50% 
substrate conversion is shown below: 
 
B/A0 = 1/2-1 ( -  2) 
        = 1/ 4.71 - 1 (0.5 – 0.54.71)  
        = 12.14  
        
 
C/A0 = 2 [ /(1 - 2)(1 - 3) + 2/(2 - 1)(2 - 3) + 3/(1 - 3)(2 - 3) ] 
         = 4.71 [ 0.5/(1 – 4.71)(1 – 0.0303) + 0.54.71/(4.71 - 1)(4.71 – 0.0303) 
         + 0.500.0303/(1-0.0303)(4.71-0.03030] 
         = 7.52                                                                                                           
          
D/A0 = 1 - 23/(1 - 2)(1 - 3) - 23/(2 - 1)(2 - 3) - 23/(1 - 3)(2 - 3) 
         = 1 – 0.5x4.71x0.0303/(1 – 4.71)(1 – 0.0303) – 0.54.71x0.0303/(4.71-  
            1)(4.71 – 0.0303) – 4.71 x 0.50.0303/(1 - 0.0303)(4.71 – 0.0303) 
         = 0.52                                                                                                                                      
   
 
Table 5.1 Calculated rate constants for the hydrodechlorination of 2,6-
DCP 
Reaction Factor 
Calculated value (h-1) 
(x 10-2) 
 
k1 3.96 
 
k2 0.84 
 
k3 0.12 
 
2,6-DCP 2-CP
2-CP Phenol
Phenol Cyclohexanone
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Figure 5.2  Plot of hydrodechlorination rates versus time 
 
Table 5.2 Comparison of the reaction rates of the hydrodechlorination of 
chlorinated phenols  
Reactant 
Rate of reactant 
consumption 
(M/min x10-3) 
Rate of phenol 
formation 
(M/min x10-3) 
4-CP -2.09 1.8 
2-CP -1.80 2.4 
2,4-DCP -0.915 1.2 
2,6-DCP -2.89 0.85 
2,4,6-TCP -2.91 0.52 
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Figure 5.3 Plot of conversion rates of various chlorophenolic 
  compounds with 10% Pd/C at 600C 
 
The substitution of values, obtained for k1, k2 and k3, in Equations 5.17- 5.19, 
allows one to plot the theoretically determined hydrodechlorination data as 
depicted by Figure 5.4. When compared to the experimentally determined plot as 
depicted by Figure 5.5 a close correlation of data is found as shown by Figure 5.6. 
This data can be used to determine accurate hydrodechlorination trends. 
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Figure 5.4  Theoretically determined kinetics plot 
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Figure 5.5 Experimentally determined kinetics plot for the 
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hydrodechlorination of 2,6-DCP 
Reaction conditions:  
2,6-DCP (0.8139 g; 5.024 mmol), nitrobenzene (0.2158 g; 1.755 
mmol), 10% Pd/C (0.0512 g; 0.04811 mmol), MeOH (15.00 cm3), 
H2O (5.00 cm3), H2 (30 cm3/min), temperature (600C), time (3 hrs) 
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%
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0
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2,6-dichlorophenol
cyclohexanone
2-chlorophenol
phenol
2,6-dichlorophenol (theoretical)
cyclohexanone (theoretical)
phenol (theoretical)
2-chlorophenol (theoretical)
 
Figure 5.6 Comparison of experimental and theoretically determined 
plots for the hydrodechlorination of 2,6-dichlorophenol 
 
5.4 CONCLUSION  
 
 Hydride-like behaviour of the active H-species is evident during the 
hydrogenolysis of 2,6-DCP with ammonium formate. It was discussed 
earlier that depending on reaction conditions, H+, H- or H˙ behaviour could 
be present. With ammonium formate, one can assume the active species to 
be H- since no evidence of a strong acid such as HCl is present.  
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 Experimental data confirms the evidence of formation of cyclohexanone 
during the hydrodechlorination of 2,6-DCP with dihydrogen. This is in good 
agreement with literature that reported the formation of cyclohexanone from 
the tautomerisation of 1-cyclohexenol during phenol hydrogenation.  
 
 On the basis of kinetic data, the hydrodechlorination of 2,6-DCP was shown 
to exhibit parallel consecutive second order behaviour. 
 
 There is a good agreement between the calculated and experimental 
curves. The small deviations could be attributed to experimental error.  The 
calculated rate constants exhibited a good fit of experimental to theoretical 
data.  
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CHAPTER 6 
SUMMARY AND CONCLUDING REMARKS 
 
6.1 GENERAL 
 
South Africa, through Merisol RSA, is the world’s largest producer of phenolic 
compounds. It is therefore important that other local South African companies 
should consider the local beneficiation of such phenolic compounds. One such 
example is the chlorination of phenol and subsequent conversion of the 2,4-
dichlorophenol product to 2,4-D (first by Sentrachem and later by Dow-
Sentrachem). The chlorination of phenol, however, leads to other chlorinated 
phenol products, including polychlorinated phenols that are hazardous and needs 
regulated landfill disposal methods. An alternative to landfill disposal is the 
hydrodechlorination of such chlorinated phenols to lower chlorinated phenols that 
may be used as starting materials for other synthetic routes, or the production of 
phenol that may be recycled to the chlorination reactor. 
 
This particular investigation addresses such alternative treatment methods as one 
of many existing opportunities, namely the conversion of chlorinated compounds 
to lesser-chlorinated compounds, specifically the production of phenol, by the 
liquid-phase hydrodechlorination of 2,6-DCP and 2,4,6-TCP. The results and the 
findings described in this work reports on the use of unsupported and supported 
palladium catalysts as heterogenous catalysts in the liquid-phase 
hydrodechlorination of 2,6-DCP and 2,4,6-TCP in a methanol and water mixture as 
solvent. It was therefore important to define the role such catalysts plays in the 
hydrodechlorination process, and also to define a few role players with respect to 
the following issues: 
 Increasing the selectivity towards phenol in particular. 
 Increasing the conversion of substrate and the selectivity towards phenol. 
 Increasing the rate of hydrodechlorination whist maintaining the selectivity 
towards phenol and lowering the formation of and unwanted by-products 
such as cyclohexanone.  
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The results of these findings are summarized in the following sections: 
 
6.2 HYDRIDE-TRANSFER HYDROGENOLYSIS USING AMMONIUM 
FORMATE AS HYDROGEN SOURCE 
 
The use of ammonium formate as hydrogen source proved to be beneficial. It 
offers a relatively mild and efficient method for dechlorinating 2,6-DCP and 2,4,6-
TCP. The process offers the advantage that it utilizes a cost effective solvent 
system, such as water and methanol, so that effluent waste streams mainly 
consists of water as transport medium. In the absence of water, no reaction took 
place, leading to the conclusion that water is essential in providing dissolution of 
ammonium formate in order for the resultant formate ion to decompose and form 
the active hydride species. The process also offers high conversion rates and 
selectivity towards phenol with 100% dechlorination being achieved in less than 1 
hour.  
 
Supported palladium catalysts, such as Pd/C, proved to yield better conversion 
rates and selectivity to other supported catalysts such as Pd/Al2O3 and 
unsupported catalysts such as PdCl2 and Pd(OAc)2. Pd/C also proved to be more 
selective towards hydrodechlorinating 2,6-DCP and 2,4,6-TCP to phenol 
compared to Pd/Al2O3. This interpretation could possibly be explained by the 
difference in metal support interaction and dispersion of metal on the catalyst 
support. 
 
6.3 HYDRODECHLORINATION USING DIHYDROGEN 
 
In light of the results obtained using Pd/C during the hydride transfer 
hydrogenolysis of 2,6-DCP and 2,4,6-TCP, it was decided to further study the 
catalyst interaction using dihydrogen as reducing agent.  
 
The nature of the substrate proved to play a significant role on the 
hydrodechlorination rate. It was found that 2,6-DCP was hydrodechlorinated at a 
faster rate than 2,4,6-TCP. This was attributed to the fact that during the 
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hydrochlorination of 2,4,6-TCP, other intermediate compounds formed during the 
process compete for hydrodechlorination on the catalyst surface.  
 
The use of higher catalyst loadings increased the reaction rate and the selectivity 
towards phenol. The increase in selectivity, however, comes at an expense of 
unwanted by-products mainly as a result of the ring hydrogenation of phenol 
resulting to cyclohexanone.  
 
A lower conversion was observed at higher reaction temperatures (800C). A 
lowering in the selectivity towards phenol was also observed at this temperature. 
During the hydrodechlorination of 2,6-DCP a higher reaction rate was observed at 
lower temperatures of 230C-600C, with the highest rates obtained at 400C. In 
contrast to this 2,4,6-TCP was hydrodechlorinated at a higher reaction rate at 
230C. The selectivity towards phenol was also the highest at these temperatures. 
Temperatures lower than 800C are therefore desirable to improve the selectivity 
towards phenol.  
 
The effect of HCl acid generated during hydrodechlorination of the substrates 
proved to lower the reaction rate. This was ascribed due to the effect of lowering in 
pH of the reaction medium, which had an adverse effect on the supported 
palladium metal. In the light of this observation, the use of an added base proved 
to be beneficial towards the increase in the reaction rate during 
hydrodechlorination. Amongst the bases studied, viz. NH4OH, NaC2H3O2.3H2O, 
NaOH and NaHCO3, NH4OH proved to give the best hydrodechlorination rate 
results for both substrates. Typically a 100% conversion was achieved in 2 hours 
of reaction time for 2,6-DCP compared to 78.59% for 2,4,6-DCP.  
 
The kinetic study has shown that first-order consecutive reaction kinetics applies 
to the hydrodechlorination of 2,6-DCP. This model fit was successfully applied 
when the ratio of active metal catalyst to substrate was high. 
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6.4 CONCLUSION AND RECOMMENDATIONS 
 
The results described in this work clearly indicate that Pd/C can be used as an 
efficient and selective catalyst in the liquid-phase hydrodechlorination of 2,6-DCP 
and 2,4,6-TCP.  
 
In light of the limited work performed on the effect of catalyst support and physical 
characteristics on hydrodechlorination, further work needs to be performed to 
determine the role that the catalyst plays during hydrodechlorination. A kinetic 
model also needs to be determined for the hydrodechlorination of 2,4,6-TCP. 
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